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Abstract 
The lithium electrode is attractive for secondary cells as it has the 
highest theoretical voltage and electrochemical equivalence, 3860 Ah kg-1. To 
date however, its incorporation in batteries results in cells that have not been 
effective due to the propensity to form dendritic growth, short circuit, overheat, 
and explode. To resolve this, several room temperature ionic liquid (RTIL) 
based electrolyte systems have receiving considerable research attention for 
use as electrolytes for lithium metal batteries due to their advantageous safety 
benefits such as high thermal stabilities, low flammability and negligible 
vapour pressure compared to commercial carbonate solvent based systems.  
However, there is a lack of information in the literature regarding the 
properties of lithium metal anodes, and the solid-electrolyte interphase (SEI) 
which passivates the surface when in contact with RTILs. Thus, little is known 
regarding the nature, composition, morphology and behaviour of the SEI 
formed during cycling in RTIL electrolytes. 
The use of RTIL based electrolytes has been proven to be effective in 
electrodeposition of Ag metal onto glass carbon from two RTILs 
1-butyl-2-methylimidazolium tetrafluoroborate ([BMIm+][BF4-]) and 
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
([C4mPyr+][TFSI-]). It was found via cyclic voltammetry (CV) that the 
electrodeposition of Ag+ to Ag0 took place through nucleation-growth kinetics 
with close to full reversibility with no additional side reactions taking place. 
Analysis of chronamperometric (CA) data indicated that electrodeposition of 
Ag followed an instantaneous nucleation and growth type mechanism at all 
 xxxii 
 
reduction potentials. Interestingly, trace water induced a progressive 
nucleation and growth type mechanism in [C4mPyr+][TFSI-] in ambient 
conditions which significantly altered the morphology of the resultant 
electrodeposit. 
Lithium electrodeposition/electrodissolution was also undertaken in 
N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide ([C3mPyr+][FSI-]) at 
both Pt and Li metal electrodes. Salts added to [C3mPyr+][FSI-] include lithium 
bis(fluorosulfonyl)imide (LiFSI), lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI), lithium tetrafluoroborate and (LiBF4), lithium hexafluorophosphate 
and (LiPF6), and lithium hexafluoroarsenate (LiAsF6). CV data recorded at an 
indicator Pt electrode showed quasi-reversibility for the LiFSI system with 
coulombic efficiency less than 80 %. From CA data the LiTFSI/[C3mPyr+][FSI-] 
and LiBF4/[C3mPyr+][FSI-]  electrolytes enabled the electrodeposition of Li0 via 
an instantaneous nucleation and growth type mechanism. At Li metal CV 
behaviour was complicated by the fast chemical reaction between the electrode 
surface and electrolyte species. The lithium electrode was cycled with an order 
of stability (based upon current amplitude and signal to noise ratio) as follows: 
LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6. Evidence was observed for an 
instantaneous nucleation and growth type mechanism for lithium 
electrodeposition from the LiTFSI/[C3mPyr+][FSI-] and LiPF6/[C3mPyr+][FSI-] 
electrolytes. 
The SEI formed chemically at open circuit potential plays an integral 
role in the behaviour of lithium cycling and many species were identified after 
chemical reactions over an 18 day interaction in neat [C3mPyr+][FSI-] as well 
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as the [C3mPyr+][FSI-] based electrolytes. After reaction with each electrolyte 
combination the surface of each SEI was studied using spectroscopic 
techniques including; attenuated total internal reflectance fourier transform 
infrared spectroscopy, x-ray photoelectron spectroscopy, general area detector 
diffraction spectroscopy as well as scanning electron microscopy. SEI 
formation due to the neat RTIL was a dynamic process initially smoothing the 
surface with adhered RTIL, roughening the surface after 12 days, culminating 
in a smoothened surface after the 18 days of reaction. Both the cation and 
anion are reduced to provide breakdown products within the SEI structure 
which may represent SEI species (LiF, LiOH, Li2CO3) and/or entrapped RTIL 
moieties (methylpyrrolidine, NSO2). Salt addition affected great changes in the 
resultant SEI morphology and composition. 
It was determined that via chemical reaction the SEI increases the 
resistance of the Li electrode and acts as a passivating film that protects the 
thermodynamically unstable lithium metal from further reaction. Upon cycling 
SEIs formed after 12 hours, 12 and 18 days of chemical reaction in 
symmetrical cells it was determined that the lithium electrode resistance can 
be reduced. Best results were obtained when cycling cells after a SEI formed 
after 12 days of chemical interaction with each electrolyte, and allowed to 
successfully complete 2000 charge-discharge cycles at a current density of 
1.0 mA cm-2. After 18 days of SEI pre-treatment cells did not achieve more 
than 50 cycles prior to cell failure. 
In the case of cells pre-treated for 12 hours, those using 
LiTFSI/[C3mPyr+][FSI-] and LiPF6/[C3mPyr+][FSI-] electrolytes failed to 
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achieve 5000 cycles due to voltage instability normally associated with 
dendrite formation. This poor stability (based upon cycle lifetime, voltage 
stability and overpotential) was expected as previous CV data collected during 
lithium cycling suggested these salts would cycle detrimentally. However, post 
mortem characterisation confirmed that no dendrite formation was observed in 
the SEI using [C3mPyr+][FSI-] based electrodes. The stability of the 12 hour 
cells follows the order LiBF4 > LiFSI > LiAsF6 > LiPF6 > LiTFSI which fits 
closely with the CV data; LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6. 
The work herein supports that the RTIL 
N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide  [C3mPyr+][FSI-] 
with a variety of lithium salts can be used to construct and cycle cells 
effectively.  In fact the properties of these cells appear to be superior to other 
RTIL based systems which is attributed partly to the SEI formed prior to, and 
during cycling.  
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Chapter I 
 
Introduction. 
1 Introduction 
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1.1 Motivation. 
Modern society faces an ever increasing challenge of meeting energy 
supply demands with a consistent supply, whilst simultaneously striving to 
reduce the global carbon footprint and embrace renewable energy technologies. 
Our planet is still far from exhausting energy resources, as coal within the 
Earth’s crust is in abundance to provide electricity production for several 
hundreds of years to come,1 however crude oil production has already peaked, 
going into decline, with future oil shortages imminent.2 With growing concerns 
regarding the effects of industrialisation and pollution on the climate, a large 
focus on renewable energies research is underway (e.g. Solar, Wind, Tidal). As 
a result, alternatives to the use of crude oil derivatives for propulsion in the 
form of electric vehicles (EVs) are necessary. Electric vehicles require batteries 
with high energy density, that are lightweight, which can maintain 
appropriate vehicle velocity whilst providing a reasonable driving range.3 Also, 
these battery technologies must be safe and have high power density. Whilst 
EVs will each require suitable battery technology, the energy storage field 
faces an alternate issue in preparing a power grid including rechargeable 
systems to facilitate load levelling across a network consisting of several 
renewable energy technologies.3 The power from these types of generators 
varies according to the availability of the resource (i.e. wind energy is not 
always obtainable to start a turbine) thus a smart grid is a necessity.4 It is 
understood that current lithium battery technology will fail to meet these 
demands, thus endeavours to develop superior energy storage technology is 
essential. 
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1.2 A history of battery technologies. 
The battery seems to be the product of modern science as they are 
commonly used to power devices constructed within the last century, however 
it is believed that approximately 2000 years ago a terracotta jar with two 
electrodes composed of iron and copper was used to provide an electric 
current.5 Coined ‘The Parthian Battery’, these terracotta jars were excavated 
in the 1930s and if these electrodes were immersed into an acidic solution a 
cell with 2 V potential would have been prepared. Thus the idea that batteries 
are modern technology is incorrect with several different cells being excavated 
or documented over the past 2 millennia.6 The development of what can be 
described as the modern day battery took place approximately 200 years ago 
through studies conducted by Alessandro Volta (Como, Italy. 1745-1827).7 The 
‘Voltaic-pile’ was prepared by stacking zinc and copper disks using card soaked 
in brine or sulphuric acid as a separator to prevent electrical short circuit. The 
Zinc oxidises to provide electrons which interact with protons at the copper 
surface providing hydrogen evolution as follows: 
 
 
 
 
1.1 
1.2 
By stacking several zinc anodes and copper cathodes in this fashion 
Volta provided the first battery pack, shown in Figure 1.1. The voltaic pile 
suffered from a build-up of hydrogen gas which encapsulates the zinc electrode 
impeding further reaction taking place resulting in short discharge lifetime. 
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Figure 1.1 - Voltaic Pile comprising of  6 cells and the Daniell cell with two half cells. 
 
The shortcomings of Volta’s battery were overcome in 1820 by British 
researcher John Daniell (London, England. 1790-1845) with the invention of 
the ‘Daniell cell’ which provided a voltage of 1.1 V using a copper plate and a 
zinc foil in two separate half cells. In the construction of a Daniell cell the 
copper and zinc electrodes are immersed in copper sulphate and zinc sulphate 
solutions respectively. By separating the electrodes using a slat bridge which 
permits mass transport of ions, the hydrogen evolution problem was solved, 
and discharge of the cell could take place over longer periods. A typical 
schematic of the Daniel cell is shown in Figure 1.1 and the reactions taking 
place are as follows: 
 
 
 
 
1.3 
1.4 
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In 1859 Gaston Planté (Orthez, France. 1834-1889) revolutionised the 
world by introducing the first rechargeable battery (secondary cell) for 
commercial use, the Lead-acid battery.8 Planté prepared the battery by placing 
two spiral sheets of lead into a glass jar containing an electrolyte of sulphuric 
acid using a linen cloth as the separator. The following half reactions describe 
the chemistry taking place inside of a lead-acid cell:9 
 
 
 
 
1.5 
1.6 
The technology is still used today being continually improved,6 and is 
the most widespread battery system in the world, though demand is slowly 
shifting towards lithium-ion as price decreases and innovation in the EV field 
continues. Even though the lead-acid battery is well understood and currently 
the major battery technology in the world, they are unable to meet the 
demands of EVs as through deep discharge the active material is submitted to 
thermal expansion and eventual capacity fade as dead paste detaches from the 
electrode. 
1.2.1 Primary lithium batteries. 
Lithium metal is attractive as a battery anode due to several beneficial 
properties i.e. its light weight, high energy density and good conductivity. As 
such, lithium primary batteries (those which are not rechargeable) have 
dominated the development of high-performance primary batteries in the 
  eHPbSOHSOPb aqsaqs 2)()(4)(4)(
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recent past.6 The development of high-energy-density primary cells began in 
the 1960s concentrating on non-aqueous systems utilising lithium metal 
anodes due to the reactivity of lithium in aqueous solutions. A wide array of 
different battery chemistries exist which all employ lithium metal anodes in 
primary cell configurations using a variety of different compounds as the 
cathode.6 
Initially the lithium primary battery consisted of a SOCl2 cathode (and 
porous carbon current collector) and a lithium metal anode, lithium-thionyl 
chloride battery. The US Army developed this technology for its own 
applications for use in low current applications over a wide range of 
temperatures (-55°C to +85°C) and it is still in use today. It provides a long 
lifetime, 3.6 V and is mainly available to industry/commercial applications 
rather than consumers. The cell is filled with a liquid mixture of thionyl 
chloride and lithium tetrachloroaluminate (LiAlCl4), which act as the cathode 
and electrolyte respectively. The cell reactions are as follows:6 
 
             
     
                 
                                
 
1.7 
1.8 
The discharge products form the liquid cathode (SO2 and S) are soluble 
in the electrolyte, however in the event of deep discharge gaseous SO2 can 
cause a pressure build-up which if uncontrolled can cause catastrophic failure 
releasing toxic thionyl chloride. Thus the only consumer application for these 
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batteries is in technology that does not require battery replacement, e.g. 
disposables. 
The lithium manganese dioxide battery was the first solid cathode 
battery system to be released for consumer applications and is currently the 
most widely used primary lithium metal battery. The battery components 
include a lithium metal anode, a carbonate based electrolyte (typically 
propylene carbonate) and a solid MnO2 cathode which undergoes heat-
treatment prior to use. This system provides a high cell voltage of 3 V, specific 
energy greater than 230 Wh kg-1 and energy density larger than 535 Wh L-1. 
These cells benefit from low cost, long shelf life and as such are commonly used 
in long term memory backup. During discharge the cell undergoes the 
following reactions: 
 
               
     
                   
                    
 
1.9 
1.10 
Though these cells work efficiently, their inability to cycle due to the 
safety hazards of repeated plating and stripping of lithium metal categorise 
them as wasteful in a society becoming ever more aware of its impact on the 
environment. 
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1.2.2 Secondary lithium-ion batteries. 
The success of the lithium primary battery was not carried into lithium 
metal secondary cells, due to the inherent dangers of cycling lithium metal.10 
In 1976 Michael Whittingham proposed a battery system with metallic lithium 
as the anode and titanium disulphide (TiS2) as the cathode material.11 Using 
TiS2 allowed the reversible insertion of lithium ions, however the use of the 
lithium metal anode caused safety hazards resulting in explosion. 
Thus lithium-ion technology was introduced utilising insertion 
materials for both electrodes. However, this causes a drop in the specific 
energy and energy density compared to lithium metal primary cells. The 
graphite anode still in use today was patented in 1981 by Bell Labs12 while 
earlier in 1979 John Goodenough proposed a cathode material based on the 
empirical formula LixMO2 (where M is Co, Ni or Mn). Utilising the graphitic 
anode and a LiCoO2 cathode, Sony manufactured the first commercial 
lithium-ion battery (Li-ion) in 1991 with a potential nearing 4 V. As the cell is 
fabricated using a graphite anode, the cell is discharged upon construction 
with the cathode is inserted with lithium ions, increasing the safety of these 
cells during shelf life and transportation.13 
Upon the first charge cycle the removal (de-intercalation) and 
subsequent reversible insertion (intercalation) take place between the cathode 
and anode respectively. This behaviour is known as the ‘rocking chair’ or 
‘swing’ and refers to the principle in which these cells operate as the electrodes 
are hosts which accommodate, via intercalation, guest lithium ions within 
their structure with negligible disturbance of the crystal lattice.14 The Li-ion 
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battery technology operates as follows during charging, oxidising the cathode, 
and reducing the anode: 
 
 
 
 
1.11 
1.12 
During the charging step Li+ ions travel to the anode giving rise to the 
product in Eq. 1.11, LixC6 and the starting material in Eq. 1.12, Li1-xCoO2. 
Upon discharge the Li+ ions are intercalated into the cathode resulting in the 
formation of the graphene anode and LiCoO2 cathode (Figure 1.2).6,13 A great 
amount of Li-ion batteries exist today using this simple concept utilising a 
variety of electrode materials and electrolytes. However no Li-ion battery is 
able to meet the requirements of the EV thus far. 
 
 
Figure 1.2 - Li-ion battery comprising a graphite anode, LiPF6/EC+DMC electrolyte and a 
LiCoO2 cathode. 
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1.3 Secondary lithium metal batteries. 
Lithium metal batteries were introduced in the 1980s, though 
instability of the metallic lithium on the anode prompted a recall in 1991.15,16 
The high specific energy and great power density are a benchmark which 
attracts researchers and manufacturers to revisit this powerful 
electrochemistry. Specific energy of 150 Wh kg-1 and energy density of 
400 Wh L-1 with a shelf life between 5 and 10 years show promise for 
applications in EVs if lithium metal cycling issues can be averted. 
 There are several reasons why lithium metal secondary cells are 
considered dangerous for consumer applications and these stem from the 
metal’s reactivity with the electrolyte and surface modification via repetitive 
charge-discharge cycling.17 When recharging lithium metal secondary cells the 
lithium is plated onto the anode in a mossy, often dendritic structure.18,19 This 
structure has an increased surface area compared to that of the lithium bulk. 
With the increase in surface area of the lithium anode there is a resultant 
increase in reactivity of the metal, thus the stability of the system is 
compromised incrementally with subsequent charge-discharge cycles. Thus as 
batteries age, they become increasingly susceptible to catastrophic failure by 
use. 
Furthermore, the lithium cycling efficiency is not 100 % as during 
cycling the lithium metal is passivated by a thin film composed of reaction 
products between the lithium metal and the electrolyte. This passivating film 
is referred to as the solid-electrolyte interphase (SEI) and is formed 
continually upon stripping and plating of new lithium surfaces. Peled 
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suggested that this SEI is a protective film, which allows ingress of Li+ ions 
whilst remaining an electronic insulator.20 This leads to some lithium being 
consumed in SEI formation culminating in several lithium areas becoming 
unreactive with the electrolyte or ‘dead’. With less electrolyte and lithium 
metal available the battery capacity and lifetime suffers proportionally. The 
SEI will be covered in more detail in Section 1.5. 
If a cell is allowed to cycle enough to create large dendritic structures 
upon the lithium anode, there is the chance that the separator may be pierced, 
bridging the two electrodes and causing voltage spikes and in turn overheating 
which can lead to thermal runaway and explosion of the battery.21-23 
Though lithium metal primary cell cathodes exist, several of them are 
not able to be used in rechargeable lithium metal batteries as their reactions 
cannot be reversed. Rechargeable batteries require cathode materials which 
undergo little bonding and structure modification during charge-discharge 
cycles.24 the operation of a rechargeable cell is similar to that of a Li-ion 
battery, however during charging lithium metal is plated onto the lithium 
anode as follows: 
 
 
 
1.13 
When discharging the battery, the liberated Li+ ions are then 
intercalated into the cathode material as depicted in Figure 1.3. The LiCoO2 
cathode proven efficient in Li-ion batteries is used as the lithium ion hosting 
)()( ssol LieLi 

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material, but due to limitations in lithium cycling this technology has not been 
realised. 
 
Figure 1.3 - Li-metal battery comprising of a lithium anode, LiPF6/EC+DMC electrolyte and a 
LiCoO2 cathode. 
1.3.1 Li-S and Li-O2 technology.  
Whilst the ineffective cycling of lithium metal has not been corrected as 
yet, many researchers are continuing research into alternate cathodes which 
may be used in Li-ion cells but are directed towards cells using Li metal 
anodes. Thus, research has also been redirected to these future technologies in 
hopes that secondary cells with increased specific energy can be implemented 
composed of lithium metal. These battery solutions include Li-S cells25 with a 
specific energy of 2567 Wh kg-1 as well dry and wet Li-O2 batteries with 3505 
and 3582 Wh kg-1 respectively.26,27 
In the case of dry Li-O2 cells using organic electrolytes the Li metal is 
protected from moisture as well as air contaminants CO2 and O2. Upon 
intrusion of these contaminants Li metal degrades and causes several of the 
aforementioned safety concerns.28 Hence, the improvement of wet Li-O2 
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secondary cells depends upon a Li+ ion conducting membrane which allows 
ingress/egress between electrodes, but also acts to separate the Li metal from 
the aqueous electrolyte. The overall reaction chemistry occurs within these 
cells as follow: 
 
 
 
 
1.14 
1.15 
 
On the other hand Li-S batteries are plagued by decreasing coulombic 
efficiency due to a loss in active material which occurs through two pathways. 
(i) The formation of Li polysulphides (formed upon the initial discharge cycle) 
eventually reduce to the insoluble Li2S and (ii) during charging, lower order 
polysulphides are formed through a parasitic reaction with the lithium anode 
which travel towards the cathode during charging forming a higher order 
polysulphide within the cathode. This continual active material loss causes 
ca. 50 % capacity loss within 100 cycles.29 The overall cell chemistry is as 
follows: 
 
         
                     
 
1.16 
 
These technologies will enable practical EV use in the near future due 
their specific energy. Though there are difficulties which linger, the key 
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requirement for the development and utilisation of these Li battery 
technologies remains stable lithium cycling.30 Without this, these technologies 
will still remain inferior to other technologies such as Zn-Air batteries which 
are composed of the same cathode (Figure 1.4). 
 
Figure 1.4 - Specific energy vs. energy density for various current and developing battery 
technologies. 
1.4 Electrolyte components. 
A rather small amount of lithium salts may actually be used in lithium 
batteries due to stringent requirements required during cell operation,30 
whereas many different types of solvents have been researched including, 
carbonates, ethers, polymers (both solid and gel), RTILS and a variety of 
mixtures in between to be discussed in the following sections. However the 
electrolytes used in conventional lithium battery technologies (typically Li-ion) 
have not undergone a large amount of change for decades. Improvements have 
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been made however many in the battery research community do not view the 
electrolyte as a key area of study for future lithium battery technologies, 
rather content to concentrate on electrode development (specifically high 
voltage cathodes). The following section provides a brief overview of research 
taking pace with electrolyte components during the era of lithium batteries. 
1.4.1 Lithium salts. 
When choosing a particular lithium salt to add into an electrolyte for 
lithium batteries several key factors are required. The salts used in 
electrolytes must be able to fully dissolve in a non-aqueous solvent whilst 
allowing freedom of mobility of the Li+ ion throughout the resultant electrolyte. 
It is essential that the salt (both cation and anion) be unreactive towards cell 
components such as the electrode substrates, cell casing materials and 
separators being used. The anion in particular should remain inert in the 
solvent and stable against oxidation when at the cathode. And ideally the 
anion must remain nontoxic and be stable against heat-induced side reactions 
which may occur during overheating of a cell. 
This list of essentials cuts down the available salts to be used in cells 
quite drastically. This is unlike the wide variety of aprotic solvents which can 
and have been used, and is covered in the following section. Thus a short list of 
qualified salts include lithium coupled with the following anions; perchlorate 
(LiClO4), hexafluoroarsenate (LiAsF6), hexafluorophosphate (LiPF6), 
tetrafluoroborate (LiBF4) trifluoromethanesulfonate (LiOTf), 
bis(trifluoromethanesulfonyl)imide (LiTFSI) and most recently 
bis(fluorosulfonyl)imide (LiFSI). Not included in this list are simple lithium 
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salts such as LiX (where X represents smaller halides Cl or F) or Li2O due to 
their small ionic radii which are insoluble in dielectric solvents. Using large 
halides such as Br or I and even carboxylates improves solubility, however at 
the expense of anodic stability at the charged cathode. 
None of these salts has solved the problem of dendrite formation during 
battery operation though varying degrees of dendritic formation and 
interfacial impedance are observed with the application of each salt. When 
using LiClO4 for example, little chemical  composition alteration was detected 
when used in organic electrolytes.31 LiAsF6 has been shown to be a superior 
salt to  LiClO4 as it is reduced at ca. 1.15 V (vs. Li|Li+),32 and has been 
extensively investigated with ether solvents to attempt dendrite suppression. 
This was achieved with LiF and LiAsxFy produced at the lithium surface 
having a beneficial effect.32,33 Though this has been documented,34 the salt 
seems to be inactive in reactions in many systems with inconsistencies in 
morphological behaviour.31,32 For some time this was the electrolyte of choice 
with a variety of ethers,35-37 with cycling efficiencies greater than 95 %.36,38 
However due to the toxicity of As(III) and As(0) the salt is not preferred, even 
though Arsenic is used in its As(V) state within batteries.39 
In commercial applications of Li-ion technology, LiPF6 is regarded as 
the choice solute due to a beneficial balance of properties which meet various 
requirements as electrolyte constituents. However, LiPF6 has not been 
effectively cycled in lithium metal battery technology as its hygroscopic nature 
leads to a chemical instability at the anode. This happens due to chemical 
reaction of the salt with adventitious water in even trace quantities, resulting 
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in the decomposition of PF6- yielding HF.40 The increasing concentration of HF 
generally reacts with the surface layers of the lithium metal, increasing 
interfacial stability, and smoothing the surface with a thin LiF component.40,41 
LiBF4 can also be used to recreate these properties, however due to a small 
dissociation constant related to a low ionic conductivity this salt is not widely 
used in battery electrolytes.40 In the last decade the use of LiBF4 in Li-ion 
batteries has increased, as the thermal instability of LiPF6 becomes 
unfavourable. LiBF4 is able to withstand rather high temperatures of ca. 50ºC 
and also low temperatures.42 
Lithium triflate was a salt chosen to provide the very best properties for 
lithium metal cycling. Carboxylate salts were rejected due to their oxidation at 
lithium metal at ca. 3.5 V vs. Li|Li+.13 Additionally, perfluorinated alkyl 
species would assist in solubilising salts in non-aqueous media. However, 
sulfonates would resist oxidation, are thermally stable and insensitive to 
moisture. Thus LiOTf was trialled and unlike LiBF4 it has a rather high 
dissociation constant, temperature stability, high anodic stability, is not 
hygroscopic and is nontoxic.39 With all of these promising inherent properties 
it is unfortunate that this salt did not provide any beneficial effects on the SEI 
formed at lithium metal anodes.43 Very little LiF or Li2CO3 was detected on 
the lithium surface, which gave rise to instability issues, whilst the surface 
consisted of dendritic Li after cycling.43 Eventually LiOTf was also disregarded 
as a candidate for lithium battery technology as aluminium corrosion takes 
place within cells using Al current collectors.24 
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Armand et al. suggested a new lithium salt based upon an acid prepared 
earlier by Foropolous and DesMarteau consisting of an imide anion stabilised 
by two symmetrical trifluoromethanesulfonyl groups, LiTFSI.44,45 It quickly 
garnered attention with a vast amount of research taking place to determine 
its plausible application in lithium battery technology.43,46-50 However 
throughout all of the salt’s success, high conductivity, thermal stability and 
high ionic conductivity,51 the salt, like its triflate analogue corrodes the Al 
current collector which is essential to a cells fabrication.52 
1.4.2 Organic electrolytes. 
First and foremost, in order to be an effective electrolyte, a solvent must 
be able to dissolve adequate amounts of a lithium salt. Thus many electrolyte 
solvents include polar groups including ether linkages (R-O-R), carbonyl (C=O) 
nitrile (C≡N) and sulfonyl groups (SO2). A comprehensive review of several 
non-aqueous solvents that have been investigated, including carbonates, ether 
or esters was prepared by Xu.24 
With the inception of Li metal batteries came also the use of propylene 
carbonate (PC) because of its inherent properties including high dielectric 
constant, stability towards lithium metal and a capacity to facilitate the 
electrodeposition of lithium metal.53,54 However as discussed earlier the 
formation of dendrites and concomitant PC reduction at the lithium anode lead 
to the poor cycling efficiency.55 Another cyclic carbonate was then investigated, 
ethylene carbonate (EC), as well as several other linear dialkyl carbonates. 
These solvents enabled Li-ion battery technology to progress and are still in 
use in modern cells. Though EC was successful, research took place in several 
 19 
laboratories to overcome the limited range of EC through use of mixtures of 
different solvents. These included PC,56 tetrahydrofuran (THF) and 2-methyl 
tetrahydrofuran (2-Me-THF),57-59 diethoxyethane (DEE)60,61 and 
dimethoxymethane (DME)57,58. Unfortunately these mixtures remained 
unsatisfactory for the effective cycling of a battery, whilst the ethers were 
unstable towards oxidation at the cathode.60 It was after these failed 
experiments that the battery community realised that an effective electrolyte 
also required an oxidative stability greater than 4 V vs. Li.62 
Tarascon and Guyomard demonstrated this with their use of 
dimethylcarbonate (DMC), a linear carbonate in a mixture with EC.63,64 
Through mixing EC with DMC many of the beneficial properties of the linear 
carbonate were added to the electrolyte, thus the resultant mixture had a 
lower melting point, lower viscosity and higher ionic conductivity and most 
importantly, was stable up to ca. 5 V vs. Li appropriate at a spinel type 
cathode material. This electrolyte was included in existing battery technologies 
and released for commercialisation whilst the study of other similar mixtures 
including linear carbonates of diethyl carbonate (DEC),65-67 ethylmethyl 
carbonate (EMC)68 and also propylmethyl carbonate (PMC) continues.69 A 
mixture of EC and any one of these linear carbonates still remains the typical 
electrolyte solvent mixture after two decades have passed since their inception. 
As such, the majority of research into lithium metal anode cycling has used 
these systems with limited success. 
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1.4.3 Polymer electrolytes. 
Traditionally there are two classes of polymer electrolytes applicable to 
lithium batteries, Solid polymer electrolytes (SPE) and Gel polymer 
electrolytes (GPE). These refer to the nature of the electrolyte where the SPE 
is composed of neat high polymers, which are a solvent to dissolve lithium 
salts, and a matrix necessary to support processability.70,71 GPEs are composed 
of polymers which have been gelled using conventional electrolytes where 
small molecules act as solvent, and large high polymer provide dimensional 
stability.72,73 Although two types exist, only GPEs have provided any 
considerable input with several manufacturers including these electrolytes 
into lithium batteries. Particular attention was centred on poly(propylene 
oxide) (PPO) and poly(ethylene oxide) (PEO) studied at a lithium metal anode 
due to their stability when complexed with Li+ salts, high conductivity, 
flexibility and high interfacial stability with Li metal.74,75 Much of this effort 
was taking place in the 1980s, at the behest of Armand et al. for almost a 
decade. 
 However more recently Composite polymer electrolytes (CPE) have 
garnered attention.76 Much like the mixing of cyclic and linear dialkyl 
carbonates brought about great success, here the properties of polymer 
electrolytes have been improved by including various materials such as room 
temperature ionic liquids (RTILs)76-79 and/or inorganic fillers.80-82 An 
interesting study by Imanishi et al. included ceramic filler (nano-sized) which 
was intended only to increase mechanical stability of the polymer.83 This 
mechanical stability of the CPE was accompanied with an increased ionic 
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conductivity, as well as less interfacial impedance when used at a lithium 
anode.77 In fact promising results were published by Imanashi et al.76,77 where 
dendrite suppression was successfully achieved at the lithium metal surface 
coupled with enhanced interfacial stability. Utilising a LiTFSI salt in PEO 
N-propyl-N-methylpiperidinium bis(fluorosulfonyl)imide ([C3mPip+][FSI-]) 
composite polymer electrolyte, that study achieved higher ionic conductivity 
and lower interfacial resistance than without the [C3mPip+][FSI-] RTIL.  
1.4.4 Room temperature ionic liquids. 
Room temperature ionic liquids are low-temperature molten salts which 
are composed entirely of ions only which are liquid phase typically below 
100°C. These salts are in the liquid phase due to the weak interactions 
between an asymmetrical large cation and an anion which is typically flexible. 
These properties lower the tendency of these ions to crystallise. There are 
many RTILs which have beneficial properties when used as battery 
electrolytes but most reports have been made on the 1-ethyl-1-
methylimidazolium bis(trifluoromethanesulfonyl)imide ([EMIm+][TFSI-]).84 
RTILs have attracted attention as a new class of electrolyte, not only as an 
additive in mixtures such as in CPEs, but as a standalone solvent.21,30,84,85 
There are many classes of RTIL which have particular inherent properties 
depending upon their composition. Important RTIL properties for battery 
applications are their thermal and chemical stability, suppressed melting 
point, ionic conductivity, negligible volatility, high polarity and flame 
retardancy. The high solubility of lithium salts typically used is also beneficial, 
while most RTILs are immiscible, whilst remaining polar.86,87 There have been 
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several reports of the compatibility of RTILs with Li metal,88-92 and widespread  
research into the application of these solvents is underway in laboratories 
globally,46,88,93-95  
It was realised that even though the archetype RTIL [EMIm+][TFSI-] 
has good properties the 1-alkyl-3-methylimidazolium type cations are not 
stable towards Li metal91. A whole range of organic cations are currently being 
tested to determine whether one of the host of possible choices is stable at the 
negative electrodeposition potentials of alkali-metals (ca. -4.0 V).96,97 
A more fluidic RTIL was developed in order to fine tune the properties of 
these electrolytes by replacing the TFSI anion with a bis(fluorosulfonyl)imide 
(FSI) analogous anion and has showed great promise by several groups.93,98 
This allows for control of the surface interactions with the lithium surface and 
has been proven to be effective during reversible symmetrical cell cycling.97 
While cycling the lithium electrode in this electrolyte, using a variety of salts, 
the electrode resistance has been observed to decrease with increased 
conductivity and greater range in the cathodic reduction limit.97,99-101 
 The SEI which can be formed at the Li metal surface using RTILs, 
which acts to protect the lithium from further reaction is an area of research 
that is gaining attention.46,102 If tailored it is plausible that an SEI can negate 
electrolyte cation reaction by acting as a protective boundary.96 For RTILs to 
be seriously considered as electrolytes in Li metal batteries there it is a 
necessity to solve the underlying problems regarding dendrite formation, and 
to also find an RTIL with acceptable fluidity.  
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1.5 Solid-electrolyte interphase. 
The SEI plays an important role in the effective cycling of a lithium 
metal secondary cell. The nature of this passivating species dictates many cell 
properties including cycling lifetime, safety, capacity fade, and cycling 
efficiency. The nature of the SEI critically determines electrodeposition 
morphology during charging of a lithium battery, and many researchers have 
concentrated on attempting to suppress dendrite formation which may be 
tuned by the salt and solvent of the electrolyte, breakdown products forming 
the SEI, and the current density applied to the cell.103-105 
Therefore a large amount of attention has been dedicated to the study of 
the composition, structure and physicochemical properties of the SEI. Several 
analytical techniques have been applied to these studies including X-ray 
photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 
(FTIR), Raman spectroscopy and Atomic force microscopy to name a few.106-109 
Though an SEI may be formed on any lithium baring electrode material, this 
section will outline the understanding gained through the study of the 
solid-electrolyte interphase formed upon lithium metal anodes during 
electrochemical (cell cycling) or chemical interaction with non-aqueous 
electrolyte solutions. 
1.5.1 Composition and inherent properties. 
After much work by Aurbach, Kanamura and other researchers the 
general understanding of the SEI formed in non-aqueous electrolytes consist of 
ROLi, ROCOOLi, Li2CO3, LiX (where R and X represent an alkyl group and 
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halogen respectively).55 These species are dependent upon the electrolyte 
system being used, with added lithium salts also contributing to the 
composition.40,106 The choice of electrolyte is therefore of great importance, as 
the nature of the SEI and its properties are defined by their breakdown 
reaction products. This was made apparent by Aurbach et al. who observed a 
competition arising between salt and solvent breakdown products in the SEI.31 
Also, electrolytes composed of moisture stable salts including LiAsF6 or LiClO4  
cause the SEI to include a majority of solvent breakdown products, whereas 
anion breakdown products are observed when using moisture sensitive LiBF4 
or LiPF6.31 These observations are supported by Kanamura et al. who 
determined via XPS that indeed alkyl carbonates exist at the SEI surface, with 
their gradual decline after sputtering revealing an increase in Li2O abundance. 
Throughout that study LiF abundance was independent of sputtering time and 
is attributed to trace HF reaction with the lithium native film, or through 
direct reduction of fluorinated anions.110,111 
These products and their derivatives have been found to exist in most 
SEI and are responsible for the stability of the lithium anode during rest, and 
cycling. This passivation layer is Li+ ion conducting yet electronically 
insulating and acts as a solid state electrolyte. As such, the rate determining 
step for REDOX processes through an SEI is the diffusion of Li+ ions from 
electrolyte to the lithium surface, rather than electron charge-transfer between 
the surface and the solution.112 
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1.5.2 Structure of known SEI. 
The main proponent for the unsafe use of the lithium electrode is that 
dendrites may form which are detrimental to cell lifetime. Through SEI 
formation these lithium dendrites react with the electrolyte to suppress 
further bulk lithium corrosion. Whilst cycling a lithium electrode the SEI is 
unable to tolerate morphological changes of the underlying Li anode, which is 
thought to lead to dendritic nucleation and growth through formation of 
non-uniform deposition and dissolution of lithium.10 Arakawa et al. supposed 
that the amount of dendritic needle growth was proportional to the current 
density, as observed in Li/amorphous V2O5 cells during cycling.103 This has 
been supported by work published by Mayers et al. more recently, which found 
that the tendency for lithium to electrodeposit in dendritic formations was 
increased proportionally with electrode overpotential.113  
Aurbach et al. surmised that if elastomer breakdown products were 
included in the SEI that it would be more flexible than an SEI composed of 
ionic species and able to compensate for the volumetric and morphological 
changes.114 Using an electrolyte combining 1,3-Dioxolane with LiAsF6 that 
study found that dendrite free electroplating of lithium did take place, and 
that the SEI was composed of HCOOLi, CH3CH2OCH2Li and salt reduction 
products LiF and LixAsFy. However the full cell cycling of Li/LiMnO2 was not 
efficient when carried out at a high charging rate.33 Interestingly, lithium 
anodes recovered from failed cells appear to be smooth, and can be cycled 
effectively in new cells with fresh electrolyte. This poses the question as to 
whether cell failure is in fact due to continuous reduction of the electrolyte at 
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the lithium surface which depletes the solution. Because of this, several 
researchers have postulated that the model SEI should be hermetic and 
prevent contact between the two species. This has culminated in the study of 
glass, ceramic and polymer protective boundaries which endeavour to protect 
the lithium anode, without SEI formation.24,115 
With all of these factors contributing to dendritic formation, researchers 
endeavour to find an appropriate means to suppress dendritic nucleation and 
growth during cell cycling without impeding cell efficiency and applicability to 
industrial/consumer requirements. In commercial carbonate based electrolytes 
dendritic suppression and roughness control have not been successful to date. 
One such method is to use a novel material as supporting electrolyte known as 
RTILs covered in the following section. 
1.5.3 SEI formed using RTILs. 
In the case of SEI formed in RTIL electrolytes, similar pathways to 
organic electrolyte breakdown have been documented. However as ionic liquids 
are able to be tailored for particular applications researchers are including 
functionality to protect the lithium surface by including specific groups within 
the cation or anion.116 One such study compared the SEI formed using 
N-cyanomethyl-N,N,N-trimethylammonium ([CMMe3N+][TFSI-]) and 
1-cyanoalkyl-3-methylimidazolium ([CMMe3Im+][TFSI-]) using 
bis(trifluorosulfonyl)imide  anion with respect to cyano influence compared to 
ionic liquid without the cyano group. The addition of the cyano group showed 
lithium dissolution which was not present in the respective RTIL without this 
functionality. The interfacial properties of the SEI were also improved.116 
 27 
However it is generally considered that imidazolium cations are 
unstable at the surface of the lithium metal due to the acidic proton within the 
cation ring.91 As RTILs may be tailored, pyrrolidinium cations have been 
substituted and show an increase in cathodic stability in comparison to those 
based on imidazolium.46,91 Howlett et al. investigated the RTIL N-alkyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([CxmPyr+][TFSI-]) 
interaction with Li metal which showed uniform deposits at a variety of 
current densities.46 Cycling efficiency greater than 99% were also observed 
attributed to the stable [CxmPyr+] cation at the cathodic limit in part due to 
the stable SEI formed. Species which dominated the SEI included Li2O and 
Li2CO3, which also included a pronounced amount of anion reduction products. 
A study using the analogous N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide ([C3mPyr+][FSI-]) RTIL was carried out by Best et al. 
showed that the SEI formed early in charge-discharge cycling able to cycle at 
various current densities.117 The study outlines that the generally accepted 
[TFSI]- anion is not required to facilitate SEI formation and lithium cycling. 
However morphological changes and composition of the resulting SEI were not 
characterised. 
1.6 Aims of this dissertation. 
To further advance Li metal batteries, it is essential that a systematic 
approach to determine the SEI formation mechanism using a stable and highly 
fluidic RTIL which provides high coulombic efficiency and uniform 
dendrite-free deposition be carried out.  The RTIL 
N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide ([C3mPyr+][FSI-]) 
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has shown to effectively cycle lithium metal, with high coulombic efficiency, 
and has several properties that are superior to its analogues such as 
conductivity and viscosity. However there is an absence of knowledge 
regarding the SEI formed at lithium metal when using this RTIL with 
conventional salts. Thus, a comprehensive study to determine the composition, 
morphology, cyclability, and behaviour of this SEI will be carried out in this 
thesis. Established techniques such as FTIR, XPS, and scanning electron 
microscopy (SEM) will be supplemented by characterisation via general area 
detector diffraction system (GADDS) and energy dispersive x-ray spectroscopy 
(EDS) as well as electrochemical techniques cyclic voltammetry and 
chronoamperometry to probe SEI formation. 
A variety of conventional salts including LiTFSI, LiBF4, LiAsF6, LiPF6 
as well as LiFSI will be used to make up electrolyte to determine whether salt 
interaction plays a large role or is negligible compared to [C3mPyr+][FSI-] 
reduction. These characterisation techniques will be carried out at both resting 
and cycling lithium metal to determine expected differences between the SEI 
formed in these environments. 
Prior to any moisture sensitive measurements within the glovebox 
taking place, a proof of concept using Ag metal electrodeposition will take 
place utilising  all the aforementioned techniques in order to compare aqueous 
and RTIL chemistries under potential bias. 
Lastly, this thesis aims to provide insight into the SEI formed in these 
RTIL electrolytes to conclude which electrolyte system can provide the most 
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effective lithium cycling behaviour for use in future lithium battery 
technologies such as Li-O2. 
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Chapter II 
 
Materials and Methods. 
2 Materials and Methods 
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2.1 Introduction. 
This chapter discusses the analytical techniques, methods and 
procedures used to prepare, handle, transport and analyse the chemicals and 
materials used in this thesis. The materials and methods outlined in this 
section will be discussed in order to avoid repetition during the following 
chapters where the thesis experimental results will be discussed. 
2.2 Chemicals and materials. 
 This section will discuss the source, purity and handling which may be 
required for several chemicals and materials in order to avoid contamination 
by trace amounts of moisture. 
2.2.1 Inert atmosphere glovebox . 
Due to the highly reactive nature of lithium metal with O2, H2O1,2 and 
other atmospheric species3 such as N2 all sample handling for this thesis was 
performed within a high purity argon atmosphere glovebox. The glovebox 
contained less than 5 ppm H2O and 1 ppm O2. The purity of the argon (Ar) gas 
(BOC Australia, 99.998 %) was maintained by circulating the atmosphere 
through molecular sieves and copper catalysts, to remove H2O and O2, 
respectively. To add an extra level of purity, brushed sacrificial lithium metal 
was kept in unsealed jars within the glovebox to scavenge O2, N2 and CO2 from 
any circulated Ar gas which it comes into contact with due to lithium’s 
inherent reactivity. Furthermore, the dried Ar was also passed through an 
activated carbon filter to remove any organic impurities. Using the sacrificial 
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lithium meant that the atmosphere could also be monitored visually by 
observing for any tarnishing of the lithium metal surface. 
All chemicals and materials were stored within the glovebox and 
introduced via an antechamber. The antechamber was evacuated to -60 kPa 
and refilled with Ar gas a minimum of three times during routine operation, 
before any material was brought into the glovebox. This methodology was 
standard technique performed to ensure the integrity of the internal 
atmosphere was maintained. Vacuum was maintained through use of a type 
N035.2ANE diaphragm pump (KNF). 
2.2.2 Room temperature ionic liquids. 
Room temperature ionic liquids used in this study are shown in Table 
2.1 indicating the cation & anion components of the weakly bound salts, the 
acronyms to be used for the entirety of the thesis, as well as the purity and 
manufacturers. 
RTILs were purchased from commercial sources and were further dried 
in vacuo using standard Schlenck line techniques4 at 100°C for 12 hours prior 
to storage and handling in the high purity Ar glovebox. 
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2.2.3 Electrolytes. 
A variety of electrolytes were prepared for the electrochemical and 
physical measurements. These were prepared from the following salts 
(see Table 2.2) as stated in the relevant chapters. 
 
Table 2.2 - Salts used in this study along with their purity and source. 
Salt IUPAC Name Acronyms Purity Manufacturer 
Silver tetrafluoroborate AgBF4 99 % Aldrich 
Silver triflate AgOTf 99 % Sigma-Aldrich 
Silver nitrate AgNO3 > 99 % Merck 
Lithium tetrafluoroborate LiBF4 > 98 % Stella Chemica 
Lithium hexafluorophosphate LiPF6 98 % Sigma 
Lithium hexafluoroarsenate LiAsF6 98 % Sigma-Aldrich 
Lithium bis(fluorosulfonyl) imide LiFSI > 95 % Dai-Ichi Kogyou Seiyaku 
Wuhan University 
Suzhou Fluolyte 
Lithium bis(trifluoromethanesulfonyl)imide LiTFSI > 99.5 % 3M Fluorad 
Ferrocene Fc 98 % Aldrich 
 
A complete list of the electrolyte systems and concentration are shown 
in Table 2.3. A naming convention is also included in the table and will be used 
throughout later sections of the thesis. Concentrations are measured in 
Molarity (M), mols (salt) per litre (solvent) or Molality (m), mols (salt) per 
kilogram (solution). Aqueous solution electrolytes containing 0.1 M KNO3 
(Ajax) were made up with deionised water (resistivity: 18.2 MΩ cm) purified 
through the use of a Mill-Q reagent deioniser system (Millipore). Lithium salts 
were further dried upon receiving in a vacuum oven. 
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Table 2.3 - Electrolyte systems, concentrations and conventions used throughout the study. 
Salt Concentration Solvent Convention 
AgBF4 20 mM [BMIm+][BF4-] AgBF4/[BMIm+][BF4-] 
AgOTf 10 mM [C4mPyr+][TFSI-] AgOTf/[C4mPyr+][TFSI-] 
AgNO3 5 mM 0.1  M KNO3 AgNO3/KNO3 
LiBF4 0.5 m [C3mPyr+][FSI-] LiBF4/[C3mPyr+][FSI-] 
LiPF6 0.5 m [C3mPyr+][FSI-] LiPF6/[C3mPyr+][FSI-] 
LiAsF6 0.5 m [C3mPyr+][FSI-] LiAsF6/[C3mPyr+][FSI-] 
LiFSI 0.5 m [C3mPyr+][FSI-] LiFSI/[C3mPyr+][FSI-] 
LiTFSI 0.5 m [C3mPyr+][FSI-] LiTFSI/[C3mPyr+][FSI-] 
2.2.4 Electrodes and electrochemical cell components. 
Electrochemistry measurements were recorded using a variety of 
electrodes and are summarised with relevant parameters in Table 2.4. Glassy 
carbon electrodes were manually polished using aqueous 0.3 µm alumina 
slurry (Electron Microscopy Sciences) on a polishing pad (Microcloth, Buehler). 
These electrodes were then rinsed using acetone and dried using N2 gas prior 
to electrochemistry measurements. The platinum electrode was manually 
polished in a similar procedure although using an ethanol-alumina slurry and 
rinsed using ethanol. The lithium metal electrode was fashioned by masking a 
lithium substrate (99.9 %, China Energy Lithium) with Kapton® tape (DuPont) 
revealing a predetermined area for electrochemical measurements. The 
lithium metal substrate was polished using a nylon brush under hexane 
(Merck, HPLC grade) and allowed to dry prior to masking. The counter 
electrode was cleaned with emery paper, rinsed using acetone and allowed to 
dry using lint free tissue. Hexane and Dimethylcarbonate (Fluka, 99 %) 
solvents were pre-treated upon receiving via drying over polished lithium 
metal indefinitely in order to decrease both water content and lithium reactive 
species to negligible levels. 
 41 
The reference electrodes used were based on the solvent system in which 
they were employed. A commonly used Ag|AgCl|KCl (aqueous 3 M KCl, BAS) 
as well as an Ag wire quasi-reference electrode (AgQRE) and an Ag|Ag+ 
(10 mM AgOTf in [C4mPyr][TFSI]). 
Table 2.4 - Electrochemical cell components. 
Electrode Material Area Supplier Function 
Glassy (Vitreous) Carbon 0.0707 cm2 BASi Working 
Platinum (m) 0.0707  cm2 BASi Working 
Lithium (m) 0.1256 cm2 China energy lithium Working 
Platinum(m) wire - CH instruments Auxiliary 
 
2.2.5 Coin cell components. 
A symmetrical cell is a cell prepared with both electrodes kept as the 
same material (in this case lithium) in order to study these electrode materials 
without the inclusions of variables from another different electrode material. 
In this case the Li|Li couple is studied without the reactions of a cathode 
material complicating analysis. Li|electrolyte|Li symmetrical CR2032 coin 
cells were assembled and disassembled using the components shown in Figure 
2.1. In order to assemble symmetrical cells the following procedure was strictly 
adhered to. Firstly, the spring and current collector were placed inside of the 
gasket cell section, a lithium electrode which had been punched out after 
polishing was then placed onto the center of the current collector. 10 µL of 
electrolyte was placed onto the lithium via micropipette (Eppendorf) and the 
dry separator placed above. The remaining 50 µL electrolyte was then placed 
onto the separator followed by the second lithium electrode and the cell jacket. 
Cells were sealed using a CR2032 cell press (Hohsen Corp.). 
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Figure 2.1 - Exploded schematic of a CR2032 coin cell illustrating the internal cell 
components. 
2.3 Characterisation techniques. 
The study of lithium metal for battery applications is a complex issue 
due to the difficulty in analysis and handling due to the highly reactive nature 
of lithium. Multiple techniques are required to probe cell components and 
provide data which is relevant to identify the nature and reactions taking 
place at the lithium metal electrode. These techniques have been chosen so 
that a complimentary analytical study may be performed to understand the 
solid-electrolyte interphase (SEI) structure and more importantly to elucidate 
the chemical identity of the SEI components. The following section will 
introduce the selected techniques and the applicable theories, as well as show 
the analysis methodology. 
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2.3.1 Attenuated total reflection – fourier transform infrared 
spectroscopy. 
Fourier transform infrared (FTIR) Spectroscopy is a vibrational 
spectroscopic technique that measures transitions between vibrational modes 
of molecules or molecular ions. The resultant absorption spectra of compounds 
can be analysed to identify the compound’s molecular structure with relative 
ease.5 FTIR is a versatile non-destructive technique that is typically performed 
for the analysis of organic and inorganic compounds as it is cost effective and 
simple in use6. 
The IR region in the electromagnetic spectrum spans 14 000 cm-1 to 
10 cm-1. Typically IR measurements are performed in the region 4 000 cm-1 to 
400 cm-1, which is commonly referred to as the mid-IR domain. The mid-IR 
provides useful information as the energy of photons from this region are 
energetic enough to interact with molecules and excite chemical bonds to 
stretch, contract and/or bend7. This structural information can be ascertained 
from the mid IR region. 
In IR spectroscopy, an IR photon  is absorbed directly by a molecule 
to induce a transition between two different vibrational levels, , the nth 
energy level and , the initial energy level, where: 
 
 
 
2.1 
hv
nE
0I
0
2
1
hvnEn 






 44 
The vibrational quantum number 0, 1, 2,… is a positive real integer 
and  is the characteristic frequency for a particular normal mode. With 
respect to the selection rule, , infrared transitions are observed only 
between adjacent vibrational energy levels, hence have the frequency , 
illustrated in Figure 2.2. 
 
Figure 2.2 - Potential energy diagram for a vibrating diatomic particle. 
 
 
Figure 2.3 - Schematic of Fourier transform infrared spectrometer. 
 
Shown in Figure 2.3 is the schematic of a modern FTIR spectrometer. In 
classical methods, infrared spectroscopy was performed by scanning the 
frequency of incoming light to enable the detector to record changes in the 
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light intensity for those frequencies at which the sample absorbs energy. To 
negate this insufficiency, modern infrared spectrometers irradiate a compound 
with an extensive band of frequencies simultaneously. The detector’s signal 
output is mathematically analysed using a Fourier transformation, shown in 
equation 2.2.8 
 
 
 
2.2 
where the fourier transform  with respect to angular frequency  comes 
from an original function  with respect to time, . The Fourier 
transformation is utilised to convert detected signals and return the output to 
the classical form of the spectra. Thus the resulting signal is known as a 
Fourier transform infrared (FTIR) spectrum. This spectrum can then be used 
to ascertain valuable information regarding whether certain functional groups 
are present based upon the vibrational frequencies which are observed. 
Attenuated total reflection (ATR) infrared spectroscopy is a technique which 
compliments FTIR for the analysis of materials too condensed to be analysed 
by transmission spectroscopy5. As such ATR is particularly useful for the 
analysis of the surface of compounds as well as liquid or solid compounds. The 
experimental setup of the ATR internal reflective technique is shown in 
Figure 2.4. 
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Figure 2.4 – Attenuated total reflectance experimental setup. 
  
When using an ATR experimental setup, an infrared beam is passed 
through an optically dense crystal and reflection occurs at the surface of the 
analyte. According to Maxwell’s theory,9 the propagating wave of light passing 
through an optically thin, non-absorbing medium forms a standing wave 
perpendicular to that of the total reflecting surface). When the analyte has 
absorbed a fraction of this radiation the propagating wave interacts with the 
sample and becomes attenuated. This reflectance, , can be expressed in the 
equation: 
 
 
 
 
2.3 
where  is the effective layer thickness and  is absorptivity of the layer.  
The loss of energy in the refractive wave is identified as attenuated total 
reflectance.10 
The depth of penetration (commonly no more than 10 µm), , of the IR 
radiation into the sample is dependent upon several parameters. These include 
the angle of incidence, the frequency of incident light and refractive index 
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between the ATR element and the sample itself. The depth of penetration is 
expressed by:10 
 
 
 
2.4 
Where  is the wavelength of infrared light in the internal reflection 
crystal,  is the angle of incidence, and  is the reflective index ratio of the 
crystal and sample and other symbols have the usual meanings. Commonly, 
ATR is not suitable for dense metal samples as the crystal is unable to adsorb 
energy directly from the rigid surface.5 This issue is avoided in this study as 
lithium metal is inherently malleable and sample energy adsorption is thus 
facile. 
2.3.2 Ultraviolet-visible spectroscopy. 
Ultraviolet-Visible Spectroscopy (UV-Vis) is an analytical technique 
which allows for both qualitative and quantitative analysis of matter. In 
particular, UV-Vis measures the absorption, transmission of ultraviolet and 
visible light wavelengths by matter.11 The measured absorption spectrum can 
then be assigned to known references to identify an element within a sample. 
 Electromagnetic radiation can be absorbed, transferred, reflected, 
scattered or can also excite fluorescence in matter. When a sample is analysed 
via absorption, experimental conditions are fixed to keep scatter, reflection and 
fluorescence to a minimum.11 Of the spectrum of wavelengths interacting with 
a sample, an optical detector records the wavelengths at which absorption has 
dp
  2
1
2
21
2
1
0
sin2 nn
dp




0
 21n
 48 
occurred as well as the degree of absorption at each wavelength for both a 
sample and background cuvette. 
 The absorption of radiation in matter adheres to the Beer-Lambert law12 
which states that the concentration of a substance in a measured sample 
(solution / thin film) is directly proportional to the absorbance:  
 
 
 
2.5 
where  is the intensity of the incident radiation at a given wavelength and 
 is the transmitted intensity and , is the absorbance . Shown in Figure 2.5 
are the typical components of a UV-Vis Spectrometer. 
 
Figure 2.5 - Schematic of a typical UV-Vis Spectrometer. 
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2.3.3 X-Ray diffraction & general area detector diffraction 
system. 
X-ray diffraction (XRD) is a versatile technique that reveals in-depth 
information regarding the chemical composition and crystallographic structure 
of materials. XRD and techniques based upon its principles follow the rules 
stipulated in Bragg’s equation:13 
 
 
 
2.6 
where  is an integer referring to the order of reflection,  is the wavelength 
of x-ray radiation,  is the spacing between crystal lattice planes and  is the 
angle of the incident beam. Shown in Figure 2.6 is an illustration of Bragg’s 
law at a crystal lattice. 
 
Figure 2.6 - Schematic of Bragg’s reflection at a crystal structure. 
 
An X-ray diffractometer comprises of an x-ray source, an x-ray 
generator, a diffractometer assembly (goniometer) and an x-ray data collection 
and analysis system, illustrated in Figure 2.7. The diffractometer assembly 
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controls the alignment of the incident beam and the position and orientation of 
the analyte and detector. 
 
 
Figure 2.7 - Schematic of a GADDS setup. 
 
When an x-ray beam interacts with an analyte, radiation striking the 
material may be scattered or absorbed.13 Incident radiation of sufficient 
wavelength interact elastically with the regular array of atoms in a crystal 
lattice to produce an ordered diffraction pattern.14 This crystal structure 
determines diffraction angles and intensities in the various diffracted beams. 
These diffraction angles are dependent upon the lattice and the unit cell 
dimensions whilst the intensities are dependent upon the atomic numbers of 
the constituent atoms.15 It is this relationship determining the angular 
distribution of peak intensities in a diffraction pattern which Bragg’s law 
models. Therefore this x-ray technique can be used to ascertain structural and 
chemical information regarding the analyte’s crystal lattice. 
A General area detector diffraction system (GADDS) utilises a high 
sensitivity 2D area detector which is useful for selective analysis of a micro-
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spot on a surface.  The x-ray beam is forced to a beam size as small as 60 µm.  
This is made possible with the use of a piezo controlled x,y,z, stage which can 
adjust samples to within focus of the x-ray beam and associated detector. The 
GADDS does not require a large sample size for analysis and is commonly 
used as a substitute to powder XRD when samples are difficult to mount in a 
standard sample holder. Due to the reactive nature of lithium the samples 
were mounted behind a Kapton® window which was sealed using a stainless 
steel cell (Bruker). 
2.3.4 Transmission electron spectroscopy. 
Electron microscopes provide high resolution images of samples due to 
the inherent property of electrons having smaller wavelength than that of 
photons thereby allowing for magnifications of 10 – 200 000× to be made 
possible compared to 1500× in optical microscopy.16 The wave-particle duality 
principle first discussed by de Broglie in 1924 was used by Busch to show that 
electrons can be focused by magnetic fields, similar to conventional optical 
lenses.16 This led to the eventual construction of transmission electron 
microscopes (TEM).17,18 A schematic of a TEM is shown in Figure 2.8. 
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Figure 2.8 - Schematic of the TEM electron column showing the electron source and path. 
Transmission electron microscopy has proven itself to be a useful and 
powerful technique in high spatial resolution imaging.19 The modern TEM 
provides the capability to image specimens at resolutions close to 0.1 nm to 
determine the fine structure of samples. To achieve this resolution the energy 
of transmitted electrons is required to be high, with accelerated electrons 
typically in the range of 60 to 300 kV.  As the name implies, the transmission 
of electrons occurs and therefore requires that samples also be extremely thin 
to facilitate effective imaging.16 Image formation is essentially a diffraction 
phenomenon, observation of a dark object would imply a great amount of 
diffraction has occurred and is attributed to the transmission of electrons 
through a dense or thick material whereas the opposite is true for thin or 
sparse materials, shown in Figure 2.9. 
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Figure 2.9 - Schematic of an electron beam passing through a specimen with various density 
and thickness. 
2.3.5 Scanning electron microscopy. 
In 1942 the Radio Corporation of America used secondary electrons 
reflected from the surface of a specimen,16 instead of the transmission of 
electrons, to produce a topographic image of the sample surface. This method 
of measuring the reflected secondary electrons in a raster pattern from a 
specimen is now common place in modern scanning electron microscopes 
(SEM).20 Secondary electrons are those electrons which have been ejected from 
the valence and/or conduction bands of a specimen, illustrated in Figure 2.10.  
These electrons have escaped from a shallow depth, typically 0.16 – 4.0 µm, 
depending upon the density in the specimen as well as the accelerating beam 
voltage and are therefore assumed to represent only surface interaction with 
the sample.16 The depth of penetration, , can be calculated (μm) using 
Kanaya-Okayama depth penetration formula: 
 
R
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where  is the Atomic weight (g mol-1),  is the beam voltage (kV),  is the 
Atomic number and  is the density squared (g cm-1). 
 
 
Figure 2.10 - Schematic for the energy available for detection in an SEM. 
 
Modern microscopes are also supplemented with detectors capable of 
measuring backscattered electrons as well as characteristic x-rays which allow 
for further analysis, covered in more detail in section 2.3.6 (page 55). It is 
common-place for the source of accelerated electrons required in SEM imaging 
experiments to be derived from a field emission gun (FEG). This is due to these 
electron sources having greater current density, greater brightness and more 
coherence than conventional thermionic emitters.21 Field emission cathodes 
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are usually a tungsten wire fashioned into a sharp point of 50 nm or less in 
diameter. Once a negative potential of sufficient magnitude is applied 
(typically 10 V nm-1) electrons ‘tunnel’ directly through it and leave the 
electrode.21 The electron beam is focused down the column using magnetic 
lenses much like the TEM, although the detected signal is that of the 
secondary electrons which interact with the sample surface rather than those 
which are transmitted, shown in Figure 2.11. 
 
Figure 2.11 - Schematic of the SEM electron column showing the electron source and path. 
 
The SEM provides what is commonly referred to as a pseudo 
3-dimensional image/micrograph as output. This pseudo 3-dimensional image 
occurs as it is facile for secondary electrons to escape from edges of 
topographical features of the specimen and reach the detector as brighter in 
appearance, hence appearing to be 3-dimensional. 
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2.3.6 Energy dispersive x-ray spectroscopy. 
Energy dispersive x-ray spectroscopy (EDS) detects characteristic x-ray 
signals generated at the surface of a focused electron beam.16 Electrons of 
particular energy are ejected from an atom when an incident electron interacts 
with the sample surface.21 Due to this vacancy an electron of a higher energy 
shell can relax into the vacancy and therefore fluoresces. This fluorescence is 
characteristic of the atom being bombarded, as the quantised x-ray emissions 
are known for all elements.22 As elements possess unique electronic 
configurations each element will emit unique x-rays. In doing so the chemical 
properties of a specimen may be attained providing either qualitative or 
quantitative analysis.19 Figure 2.12 provides a graphical representation of the 
emission of x-rays from an atom and the energy levels ascribed to the 
differences between shells. 
 
Figure 2.12 - Energy level diagram for an atom. 
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2.3.7 X-ray photoelectron spectroscopy. 
Following similar principles as used with EDS, X-ray Photoelectron 
Spectroscopy (XPS) can provide information for the outermost layer of a 
surface, typically nanometres in depth. While the importance of characteristic 
electronic configurations remains important, as shown in Figure 2.12, the XPS 
functions by directing x-rays at a specimen and recording the ejection of 
electrons from which the x-ray at the target has interacted with.23 These 
photoelectrons are ejected from the very top layers of a target surface, and 
have the energy characteristic of their source element and of the immediate 
environment. It should be noted that photoelectron energy is highly dependent 
upon the target environment, and a change in environment for an element will 
be detected as a shift in the binding energy (BE) of the XPS spectra 
respectively. These changes include a rearrangement in bonding to a change in 
oxidation state. Although fluorescence of x-rays occurs as in EDS, an XPS is 
usually not fitted to detect these and the ejected electron is the sole source of 
data, this is depicted in Figure 2.13.24 
 
 
Figure 2.13 - Illustration of a modern XPS experiment. 
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When an x-ray beam is of particular energy , it will interact with a 
target surface and eject an electron from within an atom which is bound with 
an energy, (the binding energy). The electron that is ejected is detected as 
having energy assigned , therefore observing the conservation of energy the 
following equation is valid: 
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where  represents the work function of the spectrometer and not the 
material of interest. Equation 2.8 can be used to calculate the binding energy 
of the electron which was ejected from the target and thus characterise the 
chemical nature at the surface of a sample. X-ray photoelectron spectroscopy is 
used as a powerful qualitative method for determining the chemical 
composition of a sample surface via comparison of detected electrons with 
derived spectra from standards.   
2.3.8 Electrochemical methods. 
These methods include the control of potential, in the case of cyclic 
voltammetry and chronoamperometry, or the control of current (galvanostatic 
methods) to induce a reaction in a chemical solution or at an electrode surface. 
These methods also provide data to probe the nature of an electrochemical 
system including but not limited to impedance, reversibility, faradaic and non-
faradaic processes. 
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2.3.8.1 Cyclic voltammetry. 
Oxidation and reduction involving electron transfer can be described as 
follows: 
 
 
 
2.9 
Where  is the oxidant species and  is the reductant, losing and 
gaining  electrons, . Some reduction-oxidation (REDOX) reactions do not 
involve the transfer of electrons from an electron donor (a reductant 
undergoing oxidation) to an electron acceptor (an oxidant undergoing 
reduction). For example, in the case of covalent reactions no electrons are 
transferred and instead the more accurate definition of REDOX reactions 
occurs, namely, a change in oxidation state with oxidants increasing, and 
reductants decreasing oxidation states.25 The cyclic voltammetry technique can 
be used to probe these REDOX reactions and is commonly the first experiment 
in an electrochemists arsenal. 
In order to probe a REDOX reaction it is conventional to use a 
three-electrode setup and conduct a cyclic voltammetry (CV) experiment. A 
three-electrode setup consists of three electrodes with specific functions; 
namely a working electrode, a reference electrode, and a counter (auxiliary) 
electrode, which are depicted in Figure 2.14. The working electrode is used to 
probe the REDOX chemistry of an analyte in an electrolyte system at the 
working electrode’s surface by applying a potential bias. The electrolyte 
solution remains unstirred so that diffusion controlled peaks are present in 
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the CV. A reference electrode, which acts as a separate half-cell with known 
stable potential completes a voltage circuit with the working electrode half-cell 
and is used to reference its voltages. A counter electrode is used to complete a 
current circuit with the working electrode and is necessary to be stable within 
the half cell in order to minimise complications from side reactions. A potential 
between the working electrode and reference is applied while the current is 
measured between the working and counter electrodes. 
 
 
Figure 2.14 - Conventional three-electrode setup in electrochemistry. 
 
A cyclic voltammogram is recorded by applying a potential to the 
working electrode and stepping linearly from an initial value,  (where no iE
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REDOX reactions take place) to a predetermined maximum limit, , 
(commonly referred to as a switching potential) at which the direction of the 
potential steps is reversed. In doing so we are able to explore the reaction 
taking place at the working electrode on both negative and positive tending 
sweeps, depicted in Figure 2.15. 
  The current response is plotted as a function of stepped applied 
potential, and the potential at any time, , can be described by the 
following equation: 
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Where the potential is stepped linearly at sweep rate,  (V s-1) with 
respect to time, .  A typical response known as a voltammogram is shown in 
Figure 2.15. This shows peak currents for the reductive and oxidative 
processes and the voltages at which reaction takes place. When the sweep-rate 
is altered, typically between 10 – 1000 mV/s, these values alter. 
 
 
Figure 2.15 – (a) applied potential regime and (b) the corresponding cyclic voltammogram. 
Figure redrawn from Bard & Faulkner.26 
E
)(tE
vtEtE i )(
v
t
 62 
A simple REDOX reaction is an electrochemically reversible process for 
a given molecule. This is defined as a molecule which can undergo REDOX 
reactions and still maintain its original structure and properties, i.e. the 
organometallic compound ferrocene single electron transfer to ferrocenium is 
reversible. For an electrochemically reversible process the relationship 
between current and sweep rate is defined by the Randles-Sevcik equation 
when using a macro electrode:27 
where  is the current maximum (A),  is the number of electrons 
transferred,   is the electrode area (cm2),  is the Faraday constant (C mol-1), 
 is the concentration (mol mL-1),   is the diffusion coefficient (cm2 s-1) and all 
other symbols have usual meanings. 
2.3.8.2 Chronoamperometry. 
Chronoamperometry can be used to elucidate the nucleation growth 
mechanisms of a solid species on an electrode surface, in the case of this thesis, 
Ag or Li metals. The technique is performed using a three-electrode setup and 
the current response as a function of time is plotted (i-t curve or transient) 
whilst holding the potential at a constant predetermined value.  The change in 
electric current using a macro electrode with respect to time can be described 
by the Cottrell equation: 
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2.12 
The current is limited by diffusion of ions to the surface of the working 
electrode in a reversible system. A typical  curve is shown in Figure 2.16 
showing the electrodeposition of a metal onto an electrode being held at an 
overpotential relevant to the reduction of said electrolyte species. 
 
Figure 2.16 - Typical chronoamperogram transient (i-t curve) at a fixed overpotential for 
electrodeposition of a metal onto an electrode. 
There are known theoretical nucleation-growth theories where the 
current density as a function of time can be calculated for specific systems. 
This calculated data is then compared to experimental data to determine the 
best fit for each system. One such model is that proposed by Scharifker and 
Hills,28 which describes two limiting cases, progressive and instantaneous 
nucleation-growth. Scharifker and Hills proposed a model that described the 
growth of multiple 3-dimensional nuclei under diffusion controlled conditions. 
This model built on previous methodology which proposed that nuclei grow via 
linear 1-D diffusion to individual nuclei.29 Scharifker and Hill proposed that 
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hemispherical diffusion occurs instead of linear diffusion.30,31 Thus, the current 
for the growth,  of hemispherical nuclei is described by: 
 
 
 
2.13 
where  is the bulk concentration,  the molar charge for the 
electrodeposited species,  the number density of active sites,  and  the 
molecular weight and density for the electrodeposit, respectively, and all other 
symbols have usual meanings. 
As can be seen in Figure 2.16, there is an initial current response 
referred to as the charging current. This arises from the current increasing 
during the nucleation period as a function of time due to an increase in 
electroactive area. This rise in electrode surface area may be attributed to the 
increase in nuclei size or the increase in nuclei number over time. In either 
case, the nuclei eventually grow to a size which allows overlap for the 
hemispherical diffusion effectively becoming linear diffusion controlled and a 
current decrease is observed. 
If a number of hemispherical nuclei are randomly distributed at the 
electrode surface, and grow under diffusion control, the rate, , is described 
as follows:28 
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where k is a constant, determined by measurement conditions. Although, as 
discussed earlier the radii of diffusion zones will overlap if allowed enough 
time to grow. Therefore only species which are perpendicular to the electrode 
plane will be available for further nucleation-growth processes. This planar 
area for the radii of a single growing nuclei, , can be expressed:28 
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And if we account for these nuclei, , being instantaneously nucleated 
immediately following , then at times greater than zero:28 
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where  is the fraction of electrode area affected by diffusion zones. Using the  
established Avrami theorem32-34 we can determine the actual fraction of 
electrode coverage, , if we assume the  centres are randomly distributed, 
giving rise to:28 
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In keeping with the conservation of mass, it is required that the amount 
of species which enters these diffusion zones are equal to the amount 
effectively incorporated into the nucleation-growth of these centres. Therefore 
the current density for the whole electrode surface can be described:28 
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2.18 
Although when nucleation is progressive,  changes with respect to 
time and the following is true: 
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Therefore equations 2.18 and 2.19 describe instantaneous and 
progressive nucleation-growth mechanisms respectively. These can be further 
simplified when represented as non-dimensional plots by plotting  vs. 
 as follows:28 
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In the limiting case of progressive nucleation, (mathematically described 
in Eq. 2.20) the initially deposited adatoms are growing at various rates.  
Whereas in the limiting case of instantaneous nucleation adatoms are 
deposited onto the electrode surface and grow at a constant rate. Both cases 
are highly dependent on applied potential and can be distinguished by using 
equations 2.20 and 2.21 to provide a plot shown in Figure 2.17.  
 
 
Figure 2.17 - Non-dimensional plots of (J/Jm)2 vs. t/tm showing (a) instantaneous and (b) 
progressive nucleation limits. Figure from Scharifker & Hills†.28 
2.3.8.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a useful and non-
intrusive diagnostic tool which is applied to a variety of electrochemical 
systems ranging from cells and polymer films to corrosion.26 EIS measures an 
impedance spectrum which is dynamic according to frequency.  This charge 
transfer leads to both faradaic and non-faradaic components.  The faradaic 
component is due to the electron transfer via a REDOX reaction across an 
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electrode interface.26 The non-faradaic current arises from charging the 
double-layer at the electrode surface.26 
In EIS a low (1 – 10 mV) AC amplitude is applied to perturb a system, 
in this case a cell, from equilibrium in order to measure its response. As the 
voltage is sinusoidal, with an angular frequency, , it is convenient to think of 
voltage as a phasor quantity therefore Ohm’s law can be described in phasor 
notation:26 
 
 
 
2.22 
where  and are the phasor notation for the voltage and the current 
respectively. We can assume this relationship is true as the low amplitude ac 
voltage ensures a linear relationship between the current and voltage. When a 
resistance and capacitance are placed in series a voltage must equal the sum of 
both components’ voltage drops, therefore:26 
 
 
 
2.23 
where  and  are the voltage drops for the resistance and capacitance 
respectively. With simple substitution allowing for the reinsertion of the 
current we can introduce a new term Z called the impedance which contains 
both the resistance and the capacitance values:26 
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2.24 
 This impedance, Z, can be split into two quantities which refer to the 
real and imaginary parts of the total impedance, described in Eq. 2.25. 
 
Z  
 
2.25 
where  is simply a coefficient applied to ensure vector components are 
correct. 
With this relationship the EIS technique can represent data as a 
Nyquist plot (Figure 2.18), in which the measured impedance is plotted as the 
real (Z′) vs. the imaginary (Z″) impedance (where the real and imaginary terms 
arise from use of  in the mathematics). A Bode plot can also be used to 
represent the data, where log |Z| and phase angle,  are both plotted against 
the angular frequency. 
 
Figure 2.18 - Typical Nyquist plot (a) and equivalent circuit (b). 
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 Figure 2.18a shows a plot of cell impedance in response to a low AC 
amplitude over a span of frequency ranging from 10-3 Hz to 105 KHz.  The plot 
can be used to measure phase angle of cell impedance which may be used to 
determine processes such as charge transfer and mass transfer processes, 
electronic and ionic conduction, and interfacial charging. 
 The measured data is modelled by the use of equivalent circuits 
(Figure 2.18b). The equivalent circuit is a tool to describe the electrical data of 
a system which is made up of resistances and capacitances in series and 
parallel. The equivalent circuit can then be used to understand the processes 
which are taking place in the cell system. A typical equivalent circuit is that 
proposed by J. E. B. Randles (1912-1988) for modelling of interfacial 
electrochemical reactions to a planar electrode with semi-infinite linear 
diffusion.35 The equivalent circuit includes a capacitance and resistance for the 
electrode reaction in parallel with a capacitance for the double layer of the 
electrode surface. It also includes a resistance which relates to the electrolyte, 
shown in Figure 2.18b. 
2.3.8.4 Galvanic cycling of coin cells. 
In this thesis symmetrical cell galvanic cycling is used to investigate the 
effects of cycling on the lithium electrode. This is achieved in symmetrical cells 
where a two electrode geometry is used. Both electrodes are lithium metal 
foils. The advantage of this is that the added variable of a different electrode 
material with its associated chemical response is removed, thereby simplifying 
the system and ensuring the only response detected is due to the lithium 
electrode. 
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Galvanic cycling involves applying a square wave voltage to the cell and 
observing how that cell responds to the applied voltage over time. In the case 
of lithium symmetrical cells, the magnitude of the current remains constant 
whilst the current is switched between –positive and negative values. In this 
way a lithium anode can be probed for cycling, capacity fade, resistance and 
voltage effects. Cycling data of a Li|electrolyte|Li symmetrical cell is typically 
represented as a voltage-time plot. A typical voltage time plot is shown in 
Figure 2.19. 
 
 
Figure 2.19 - Square wave voltage-time plot for a Li|electrolyte|Li symmetrical cell at 
ambient conditions. 
2.4 Procedures. 
 This section outlines the protocols which were carried out before and 
after sample preparation, as well as characterisation. 
2.4.1 Lithium electrode preparation methods. 
In order to remove any surface contaminants, lithium was polished 
using a nylon brush under hexane and allowed to dry before punching the 
metal into 10 mm diameter disks. A time dependant pre-treatment of the 
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cleaned lithium foils was used for the work presented in this thesis. This 
preparation method is summarised in Figure 2.20. The lithium foils were 
allowed to interact with the electrolyte for 0 hours, 4 hours, 7 days, 12 days 
and 18 days by placing each lithium disk into an electrolyte filled vial.  Each 
foil was allowed to react with the electrolyte to produce an SEI then removed 
and rinsed free of unreacted RTIL via DMC washing.  
 
 
Figure 2.20 – Flowchart describing the steps to prepare a chemically formed SEI at a lithium 
surface for analysis. 
Washing involved swirling the reacted foils with 10 mL aliquots of DMC twice. 
Then, both sides of the foil were rinsed again with fresh 2 mL aliquots of DMC 
drop wise to ensure no residual RTIL remained at the surface.  Residual DMC 
was then removed by touching foil edges to lint-free tissue, foils were then left 
to dry in vacuo for 30 minutes. 
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2.4.2 Cell assembly and disassembly methods. 
Lithium foils prepared via pre-treatment as outlined in section 2.4.1 
(page 71) were then mounted into CR2032 coin cells as described in section 
2.2.5 (page 41). Electrodes were separated using a 15 mm diameter Solupor 
membrane (previously dried in vacuo at 40°C). 60 µL of appropriate electrolyte 
for the experiment was used to wet the electrodes and separator. 
Post cycling cell disassembly for further characterisation of components 
was achieved by mounting cells into a drill and grinding the cell jacket edge 
using a diamond cutting tip, setup shown in Figure 2.21. Electrodes and 
separator materials were washed according to the procedure outlined in 
section 2.4.1 (page 71). 
 
 
Figure 2.21: Photographs of the diamond tip grinder used to open coin cells for internal 
characterisation. 
2.4.3 Fourier transform infrared spectroscopy & attenuated 
total reflection. 
For all analysis within this study, samples were loaded and enclosed in 
a hermetically sealed Attenuated Total Reflectance (ATR) stage (Specac 
Golden Gate) within the glovebox, Figure 2.22. After enclosure the stage was 
 74 
transported from the glovebox and aligned with a Spectrum 400 FT-IR 
spectrometer (Perkin-Elmer). All spectra were recorded with a 4 cm-1 
resolution and 16 scans. 
 
 
Figure 2.22: Photographs of the hermetically sealed Specac Golden Gate stage used for the 
analysis of samples via FTIR. 
2.4.4 Ultraviolet-visible spectroscopy. 
UV-Vis Spectroscopy experiments were prepared by dilution until the 
absorbance adhered to Beer-Lambert law.  Samples were analysed through a 
quartz cuvette after first measuring a background dependant on the sample’s 
electrolyte nature.  All measurements were made using a Cary 50 BIO UV-
Visible Spectrometer in the operating range of 300 – 800 nm at a scan speed of 
480 nm min-1. Samples did not require atmosphere control. 
2.4.5 X-Ray diffraction & general area detector diffraction 
system. 
In order to perform GADDS under an inert atmosphere each sample was 
mounted onto a quartz substrate housed in an X-ray diffraction (XRD) sample 
cell (Bruker) with a 50 µm Kapton® window, shown in Figure 2.23. Sample 
assembly was performed inside an Ar filled glovebox. Diffraction patterns were 
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collected using an AXS D8: Discover (Bruker).  Diffraction patterns were 
recorded over the 2θ range of 30 - 90º unless otherwise stated.  
 
Figure 2.23 - Photographs of the GADDS (Bruker) as well as the sample holder prepared to 
keep air contamination to a minimum. 
2.4.6 X-ray photoelectron spectroscopy. 
For XPS measurements disks were introduced to the Microlab VG310F 
XPS (Thermo) through use of an Ar atmosphere controlled glove-bag (Aldrich). 
Transfer of samples from the glovebox to glove-bag took place by storing a disk 
within a Schott bottle which in turn was contained in a heat sealed aluminium 
laminate pouch (3M Film) inside the glovebox prior to removal and relocation 
to the glovebag.  
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2.4.7 Scanning electron microscopy & energy dispersive x-ray 
spectroscopy. 
For SEM imaging, transfer of treated and washed disks from the 
glovebox to the SEM was carried out using an Ar environment controlled 
chamber, shown in Figure 2.24. Lithium disks were placed into the chamber 
within the glovebox prior to attaching the chamber to the SEM and 
evacuating. SEM images were recorded using a XL30 Field emission SEM 
(Philips) with a Link ISIS (Oxford Instruments) Energy Dispersive X-ray 
system (EDX). Silver samples did not require atmosphere control and were 
handled in ambient conditions. 
 
 
Figure 2.24 - Photographs of the environmental chamber and the SEM antechamber. 
 
2.4.8 Transmission electron microscopy 
Samples requiring TEM imaging were first drop-cast (10 µL) and dried 
onto 200 mesh Cu grids.  All TEM images were obtained using a JEOL-1010 
Transmission Electron Microscope operating at an accelerating voltage of 100 
kV. Samples did not require atmosphere control. 
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2.4.9 Electrochemical methods. 
2.4.9.1 Cyclic voltammetry & chronoamperometry. 
Electrochemical methods requiring a three-electrode setup were 
prepared both inside the glovebox or the bench-top depending on experimental 
requirements. Whilst probing RTIL electrolytes, reference electrodes was a 
Ag|Ag+ (10 mM AgOTf in [C4mPyr][TFSI]) half-cell used in the 
[C4mPyr][TFSI] electrolyte or a Ag wire QRE in [BMIm][BF4] electrolyte. A 
Ag|AgCl|KCl (aqueous 3 M KCl) half-cell for the aqueous electrolyte.  A 
platinum counter electrode was used for each measurement, using an Autolab 
302N potentiostat. Shown in Figure 2.25 are photographs of the 
three-electrode setup as well as the Kapton® masked lithium substrate used 
for lithium electrochemical measurements. Typically 2 mL of electrolyte was 
used to fill the electrode cell. All measurements were checked several times for 
reproducibility prior to their inclusion within the thesis. All data tabulated 
was found to be consistent. 
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Figure 2.25 - Photographs of the three-electrode setup and the lithium substrate preparation. 
 
2.4.9.2 Electrochemical impedance spectroscopy & galvanic cycling. 
Symmetrical cells prepared within the glovebox were cleaned and 
attached to cell holders which enabled measuring via EIS using a Solartron 
1600 frequency response analyser and charge-discharge cycling conducted on a 
Maccor Series 4000 battery tester.  Current densities of 0.1 mA cm-2 and 1 mA 
cm-2 were used in cycling and will be referred to low and high current densities 
respectively here-on in.  Charge and discharge times were 15 minutes with 30 
seconds rest between cycles.  All measurements for symmetrical cells were 
made at ambient temperature (22 ± 2°C) 
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Chapter III 
 
Investigation of the electrodeposition 
of silver from room temperature 
ionic liquids. 
3 Investigation of the electrodeposition of silver from 
room temperature ionic liquids 
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3.1 Introduction and aims. 
Probing the properties of lithium metal electrochemically is a 
challenging and sensitive task complete with concerns regarding safety,1-3 
handling4 and a lack of available techniques.1 The nature of the lithium 
surface is also complicated by the presence of a solid-electrolyte interphase 
(SEI) with a complex structure upon interaction/cycling with salts or molecular 
solvents.5,6 Prior to working with the difficult system it is practical to replace 
lithium with another metal with similar functionality in order to study a novel 
system of electrolytes, salts, supporting electrolyte and electrode materials 
which can later be used as a benchmark for further lithium metal studies. 
Lithium metal Li+ to Li0 electrodeposition has been successfully demonstrated 
with several room temperature ionic liquids.7,8 Silver has only a half filled 5s1 
orbital and acts as a mono-cationic metal, as does lithium with its single 
electron filled 2s1 orbital. Using an analogous metal which is stable at ambient 
conditions and similar in electrochemistry such as silver prior to using lithium 
metal will help to gain a deeper knowledge of the electrochemistry of a given 
system.  
The electrodeposition of both these metals are the subject of increasing 
amounts of attention as has already been stated for lithium in the use of 
lithium metal batteries, but also for silver in the established electronics, 
catalysis and jewellery industries.9-12 Silver is both water and air stable and its 
application is commonly carried out in large plating baths which use toxic 
organic electrolytes and additives.9 A shift towards using ionic liquids for their 
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unique and non-toxic properties has in recent years become a growing 
field.9,13-15 
Various RTILs have been investigated beginning with the air and 
moisture sensitive chloroaluminate melts and transferring in appeal towards 
the air and moisture stable RTILs required for open bath technologies.16-18 
Several of these RTILs include and are not limited to 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIm+][BF4-]),9,19 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIm+][PF6-]),20,21 1-ethyl-
3methylimidazolium tetrafluoroborate ([EMIm+][PF6-]),22 1butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIm+][TFSI-]),23 1-
butyl-3-methylimidazolium trifluoromethylsulfonate ([BMIm+][OTf-]),24 
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
([C4mPyr+][TFSI-]),25 N-butyl-N-methylpyrrolidinium dicyanamide 
([C4mPyr+][DCA-])25 and dimethylammonium dimethylcarbamate, 
(DIMCARB),26 Most of these communications commonly concentrated efforts 
on supplying industry with end applications promoting substituting RTILs 
into processes whereas recently studies have focused on gaining a greater 
understanding the impact RTIL properties have on the electrodeposition of 
silver.26,27 Supplementing this, a recent review13 of electroplating using RTILs 
has highlighted several research pertaining to small impurity in RTILs, 
particularly of water, and the effect it causes on the physical and chemical 
properties of the RTIL including the morphology of subsequently plated 
metals.28,29 
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In this study two commercially obtainable RTIL systems which have 
been used previously for silver electrodeposition were employed to gain an 
understanding of their influence on silver plating and stripping processes 
which include 1-butyl-1-methylimidazolium tetrafluoroborate ([BMIm+][BF4-]) 
and N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
([C4mPyr+][TFSI-]). Silver salts included the readily available silver 
tetrafluoroborate (AgBF4) and silver trifluoromethanesulfonate (AgOTf) which 
were chosen for their weakly coordinating anions and their similarities with 
the RTIL anions to be dissolved within.[C4mPyr+][TFSI-] was chosen due to the 
lower viscosity than BF4-, PF6- and OTf- based RTILs.30 The RTIL 
[BMIm+][BF4-] was chosen for its air and moisture stability to investigate the 
comparison of how water uptake affects the silver electrodeposition process in 
[C4mPyr+][TFSI-]. An aqueous electrolyte was also investigated, AgNO3 in 
KNO3 solution, as a point of reference which is common in literature as an 
electrodepositing system.31 
Cyclic voltammetry and chronoamperometry methods are employed to 
elucidate the mechanism of silver electrodeposition whilst said electrodeposits 
are characterised via scanning electron microscopy (SEM) coupled with 
electron dispersive x-ray spectroscopy (EDS) and x-ray diffraction to ascertain 
the influence of solvent choice on the electrodeposition process. 
3.2 Cyclic voltammetric study of silver electrodeposition onto 
glassy carbon from aqueous and ionic liquid electrolytes. 
In this section cyclic voltammetry will be utilised to probe the REDOX 
behaviour of the three following electrolyte systems; AgNO3/KNO3, 
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AgBF4/[BMIm+][BF4-]  and AgOTf/[C4mPyr+][TFSI-]. Comparisons will be 
drawn between the aqueous and unique ionic liquid systems in order to gain 
an understanding of ionic liquid electrochemistry. Both the ionic liquid based 
electrolytes will also be compared in order to ascertain whether cation/anion 
dependant electrochemical properties exist. 
3.2.1 AgNO3 in KNO3 electrolyte. 
Cyclic voltammograms of silver electrodeposition from a solution 
containing 5 mM AgNO3 in 0.1 M KNO3 were recorded at scan rates of  50 to 
500 mV s-1 at 22°C ± 2°C under ambient conditions, shown in Figure 3.1. A 
typical voltammogram recorded at 50 mV s-1 is shown in Figure 3.1a, along 
with a magnification of the current crossover. 
 
Figure 3.1 - Cyclic voltammograms for the reduction of Ag+ to Ag0 onto glassy carbon 
electrode surfaces from AgNO3/KNO3 electrolyte at scan rates of (a) 50 mV s-1 with inset 
magnification for the current crossover and (b) 50 - 500 mV s-1with inset plot displaying peak 
current density vs. square root of scan rate.† 
 
Cyclic voltammograms (CV) were recorded from +0.9 V to a switching 
potential of -0.5 V with the initial sweep tending negatively. The shape of 
these voltammograms is typical of silver metal electrodeposition at an 
A B 
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electrode surface following a single electron process. The voltammograms 
shown consist of two peaks representing the reduction ( = +0.16 V) and 
oxidative processes (  = +0.56) involved with the electrodeposition of silver. 
The reduction is signified by a negative current response as the potential is 
being stepped negative, at this point a flux of Ag+ towards the GC electrode 
plates Ag0. The oxidative process generates a positive current response on the 
reverse sweep, where Ag0 is stripped off the GC electrode and subsequent 
dissolution of Ag+ ions into solution occurs. At a scan rate of 50 mV s-1 the 
onset potential for electrodeposition is observed at +0.36 V (vs. Ag|AgCl|KCl) 
with this process reaching a current maximum at 0.16 V ( ) before reaching 
a near steady state current until the switching potential. This peak maximum 
tends to negative potentials as scan rate is increased and the peak shape 
becomes more diffusion controlled. The oxidation peak at +0.56 V hardly shifts 
with regard to scan rate and remains in the domain of +0.56 to +0.62 V.  The 
shifting observed is suggestive of a nucleation-growth process taking place 
during the reduction of Ag+ to Ag0 onto the GC electrode surface. This 
hypothesis is also supported by the appearance of a crossover on the reverse 
sweep, another indicator for the nucleation-growth process32 as shown as an 
inset in Figure 3.1. 
A plot of reduction peak current density ( ) vs. the square root of scan 
rate, , is shown in Figure 3.1b. A linear relationship is indicative of a 
diffusion controlled process. An intercept in the origin is also observed and is 
attributed to electrode area increases due to deposition of conductive silver 
metal. The data derived from the cyclic voltammetry is summarised in Table 
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3.1. The ratio of charge associated with the stripping process over the 
reduction process ( ) is less than unity. Clearly for a chemically 
reversible system this ratio should be unity. The  ratio suggests that 
some Ag0 is not being stripped from the GC surface during the oxidative 
process sweep. A possible explanation for this is that the oxidative stripping 
reaction may be complicated by formation of surface oxides which are 
electrochemically inert at the Ag0 stripping voltages. 
 
Table 3.1–Cyclic voltammetric data for the electrodeposition of Ag+ to Ag0 onto GC electrodes 
in the aqueous AgNO3/KNO3 system. † 
(mV s-1) (V) (V) (V) (V) (mC) (mC)  
Electrodeposition of Ag+ - Ag0 onto glassy carbon from AgNO3/KNO3 electrolyte 
50 0.164 0.563 0.364 0.399 1.00 0.88 0.88 
100 0.109 0.569 0.339 0.460 0.64 0.56 0.88 
200 0.082 0.592 0.337 0.510 0.42 0.39 0.93 
300 0.023 0.594 0.309 0.571 0.35 0.29 0.83 
400 0.004 0.615 0.310 0.611 0.30 0.26 0.87 
500 0.016 0.615 0.316 0.599 0.27 0.24 0.89 
 represents the midpoint potential    
      
     
 
vs. the Ag|AgCl|KCl reference electrode.  
 represent scan rate. 
 
To investigate if oxide formation was the cause of the lower 
 
ratios cyclic voltammograms were recorded in different pH values (0.45 to 13) 
at a silver working electrode, typical voltammograms are shown in Figure 3.2. 
In 1 M H2SO4 solution (pH = 0.45) the anodic current increases and does not 
reach a peak maximum due to the continuous dissolution of Ag0 to Ag+ at an 
onset potential ca. +0.40 V (Figure 3.2a). In basic media, 1 M NaOH (pH = 13) 
there are two peaks associated with oxide formation on the silver surface33 
observed (Figure 3.2b) as a peak maximum (  = +0.433 V) and shoulder 
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(+0.293 V). When these are taken into account and the silver electrode is used 
in the 0.1 M KNO3 solution (pH = 5.4) it is shown that there is clearly an 
anodic peak before the onset of bulk dissolution of Ag0 into Ag+ (Figure 3.2c), 
indicative of surface oxide formation for this system. Therefore the chemical 
irreversibility observed at the GC electrode is attributed to surface oxide 
formation on the deposited Ag0. 
 
Figure 3.2 - Cyclic voltammograms at a silver electrode in (a) 1 M H2SO4, (b) 1 M NaOH and 
(c) 0.1 M KNO3 measured at 50 mV s-1 and ambient conditions. † 
3.2.2 AgBF4  in [BMIm+][BF4-] electrolyte. 
Shown in Figure 3.3a are the cyclic voltammograms (CV) recorded at a 
glassy carbon (GC) electrode for 20 mM AgBF4 in [BMIm+][BF4-] (1960 ppm 
water content). Voltammograms were recorded using a scan rate range of 50 to 
500 mV s-1from an initial potential of +0.5 V to a switching potential of -0.9 V 
A B 
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and finally finishing at +0.5 V. The reference used was a silver wire 
quasi-reference electrode (Ag QRE) as described in the methods and materials 
section 2.2.4 (page 41). It should be noted that these systems are highly 
sensitive to the polishing of the electrode surface prior to measurements being 
performed, with vigorous polishing being performed before each measurement. 
 
 
Figure 3.3 - Cyclic voltammograms for the reduction of Ag+ to Ag0 onto glassy carbon 
electrode surfaces from AgBF4/[BMIm+][BF4-] electrolyte at scan rates of (a) 50 mV s-1 with 
inset magnification for the current crossover and (b) 50 - 500 mV s-1with inset plot displaying 
peak current density vs. square root of scan rate. † 
 
When focusing on the 50 mV s-1 voltammogram the initial negative 
sweep commences electrodeposition of Ag+ to Ag0 at -0.220 V vs. Ag QRE. The 
cathodic current reaches a maximum at -0.39 V ( ) attaining a diffusion 
limiting current until the switching potential. On the reverse sweep a current 
crossover is observed at -0.3 V, the observation of a current crossover again 
suggests a nucleation-growth type mechanism is occurring,32,34 as in the 
aqueous case, which is discussed further in section 3.3.1 (page 101). This is 
also indicative of the system requiring an overpotential for the 
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PE
A B 
 90 
electrodeposition and subsequent nucleation and growth of bulk Ag on GC. A 
sharp oxidative stripping peak is observed ( ) at +0.16 V and no further 
processes are observed until the end potential of +0.50 V. These voltammetric 
peak profiles are consistent with that in another study for metal deposition 
and stripping from and electrode surface.35 Similar behaviour for scan rates in 
100 – 500 mV s-1 range is observed (Figure 3.3b) and relevant data related to 
each scan rate is tabulated in Table 3.2. The  also shifts to negative values 
as scan rate is increased suggesting a nucleation and growth type mechanism. 
These experiments at differing scan rates were performed in quick succession 
to reduce any complication by the silver wire quasi-reference electrode. This 
particular quasi-reference electrode used to take measurements for this 
system was deemed to be the most appropriate. This allows for the comparison 
of data trends within this system, and should not be compared to the data 
measured from the AgOTf/[C4mPyr+][TFSI-] or AgNO3 in 0.1 M KNO3 systems 
which use different reference electrodes. 
Table 3.2 - Cyclic voltammetric data procured for the electrodeposition of Ag+ to Ag0 onto GC 
electrodes from AgBF4 in [BMIm+][BF4-].† 
 (mV s-1)  (V)  (V)  (V) (V)  (mC)  (mC)  
Electrodeposition of Ag+ - Ag0 onto glassy carbon from AgBF4/[BMIm+][BF4-] electrolyte 
50 -0.386 0.161 -0.113 0.547 0.24 0.22 0.92 
100 -0.395 0.164 -0.116 0.559 0.20 0.19 0.95 
200 -0.430 0.162 -0.134 0.592 0.16 0.15 0.94 
300 -0.445 0.184 -0.131 0.629 0.12 0.12 1.00 
400 -0.479 0.186 -0.147 0.665 0.10 0.10 1.00 
500 -0.501 0.187 -0.157 0.688 0.10 0.09 0.90 
Figure 3.3b inset shows a plot of peak current density, , vs. . 
For a diffusion controlled process the plot should have a linear dependence 
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over the entire scan rate range, as is observed for this system. The crossover in 
the voltammogram which was discussed earlier points toward electrode area 
changing as Ag metal is deposited. This has been observed in other 
systems32,34,36 including that of Ag+ to Ag0 on GC in DIMCARB.26 Additionally, 
the gradual reductive shift in  provides further evidence and can be 
observed in Figure 3.3 inset. It is interesting to note in Figure 3.3b the 
electrodissolution potential, , of Ag0 to Ag+ from the GC electrode shows a 
smaller degree of dependence on scan rate with a small shift of 26 mV 
observed over the scan rates of 50 to 500 mV s-1. This is opposed to the aqueous 
system introduced in section 3.2.1, which may be attributed to the nature of 
ionic liquids as may also be true for the following electrolyte system. The 
electrodissolution potential is more stable than compared to the aqueous 
AgNO3/KNO3 which also included oxide stripping. The AgBF4/[BMIm+][BF4-] 
system shows no evidence of any similar mechanisms despite the high water 
content (1960 ppm) and supports the air and moisture stability of this RTIL. 
Interestingly the ratio  is very high (> 0.90) suggesting chemical 
quasi-reversibility for this system. 
3.2.3 AgOTf  in [C4mPyr+][TFSI-] electrolyte. 
Figure 3.4a shows typical voltammograms for the system 10 mM AgOTf 
in [C4mPyr+][TFSI-] electrolyte (60 ppm water content) recorded at GC 
electrode from 0.40 V to -1.00 V. Once again focusing on the lowest scan rate 
voltammogram (50 mV s-1), the first negative sweep leads to the 
electrodeposition process commencing at -0.15 V vs. Ag|Ag+|[C4mPyr+][TFSI-] 
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reference electrode. The peak current reaches a maximum at -0.20 V ( ) 
followed by a diffusion limited current decay until the switching potential -1.00 
V. On the reverse sweep a current crossover is observed at -0.16 V and an 
oxidative maximum stripping peak at -0.14 V. This data suggests the process 
of a nucleation-growth mechanism is present due to the observation of the 
crossover potential on the reverse sweep as well as the shifting of  to more 
negative potentials as a function of increasing scan rate, shown in Table 3.3. 
  
Figure 3.4 -Cyclic voltammograms for the reduction of Ag+ to Ag0 onto glassy carbon electrode 
surfaces from AgOTf/[C4mPyr+][TFSI-] electrolyte at scan rates of (a) 50 mV s-1 with inset 
magnification for the current crossover and (b) 50 - 500 mV s-1with inset plot displaying peak 
current density vs. square root of scan rate. † 
 
Table 3.3 - Cyclic voltammetric data procured for the electrodeposition of Ag+ to Ag0 onto GC 
electrodes from AgOTf in [C4mPyr+][TFSI-] (water content 60 ppm). † 
 (mV s-1)  (V)  (V)  (V) (V)  (mC)  (mC)  
Electrodeposition of Ag+ - Ag0 onto GC from ‘dry’ AgOTf/[C4mPyr+][TFSI-] electrolyte 
50 -0.201 0.216 0.008 0.417 0.16 0.15 0.94 
100 -0.228 0.208 -0.010 0.436 0.10 0.10 1.00 
200 -0.261 0.197 -0.032 0.458 0.07 0.07 1.00 
300 -0.290 0.179 -0.056 0.469 0.06 0.06 1.00 
400 -0.306 0.160 -0.073 0.466 0.05 0.05 1.00 
500 -0.323 0.144 -0.090 0.467 0.05 0.05 0.80 
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Figure 3.4b inset shows the  vs.  plot. A linear dependence of  
is observed, however, the data adheres to a linear model yet fails to intercept 
through the origin as with previous systems. The larger current intercept may 
be explained via an increase in electrode area due to the silver 
electrodeposition as well as the reaction between the Ag+ and the ionic liquid. 
This would be the case in a chemically irreversible system and is explored 
further in section 3.2.3.1. Although this system is thought to be chemically 
irreversible the systems allows a high  ratio with efficient plating and 
stripping of silver. 
3.2.3.1 AgOTf  in [C4mPyr+][TFSI-] in ambient conditions. 
 In this system it was determined that not only was electrode polishing 
of high import to obtain accurate measurements as with the previous systems 
studied, but also whether experiments were carried out in open bench-top or 
under dry glovebox conditions. These parameters also play a role in acquiring 
reproducible results. Unlike the previous section referring to the silver triflate 
system regarded as being ‘dry’ which had all measurements carried out within 
a dry glovebox, under ambient conditions the reductive process occasionally 
revealed a shoulder. Therefore the ionic liquid was allowed to reach full 
atmospheric water absorption (460 ppm water content) and all CV 
measurements of this new 10 mM AgOTf in [C4mPyr+][TFSI-] system are 
labelled as ‘wet’. Considerable differences are present between the dry and wet 
systems as can be seen in Figure 3.5a, though the most obvious distinguishing 
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feature is the colour change to red that occurs in the electrolyte as silver 
nanoparticle formation has occurred.  
 
Figure 3.5 - (a) Cyclic voltammograms for the reduction of Ag+ to Ag0 onto glassy carbon 
electrode surfaces from ‘wet’ AgOTf/[C4mPyr+][TFSI-] electrolyte at scan rates of 
50 - 500 mV s-1 and (b) plot displaying peak current density vs. square root of scan rate. † 
  
Of distinct note is the stark difference in the reductive current, which is 
much lower in the wet system, as well as the Ag+ to Ag0 process having shifted 
to more negative potentials by ca. 400 - 600 mV dependent upon scan rate. 
Also worth noting is the two additional processes observed as shoulders after 
the  peak maximum at ca. -0.90 V and -1.10 V, labelled in Figure 3.6. It 
has been proposed that these peaks are attributed to the reduction of an Ag2+ 
species as well as the deposition of Ag onto adsorbed silver nanoparticles 
(AgNPs) as similar processes have been observed in literature.26 In that study 
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Ag electrodeposition onto GC from DIMCARB produced two peaks attributed 
to reduction of silver onto GC as well as onto silver nanoparticles adsorbed on 
the electrode surface, formed chemically through a slow reaction with silver 
cations and the DIMCARB. A large shift in reductive peak maximum of up to 
1 V was observed due to AgNP formation. In this case, the ‘wet’ 
AgOTf/[C4mPyr+][TFSI-] system does not shift by as large a potential 
difference. However, a large negative shift is certainly apparent, and, if left for 
sufficient time a single deposition process is observed. This is attributed to 
chemical reaction taking place between the silver cation and the 
[C4mPyr+][TFSI-] ionic liquid making up the electrolyte. 
 
Figure 3.6 - Cyclic voltammogram for the reduction of Ag+ to Ag0 onto a glassy carbon 
electrode surface from ‘wet’ AgOTf/[C4mPyr+][TFSI-] electrolyte at scan rate of 50 mV s-1. † 
  
E / V vs. Ag/AgOTf/[C4mpyr][TFSI] 
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When the ratios of   are calculated, shown in Table 3.4, they are 
less than one suggesting that the system is not fully chemically reversible 
much like the aqueous system described earlier. As this ‘wet’ system has trace 
amounts of water this may be responsible for the formation of surface oxides at 
the electrode surface, which is shown with the CVs of silver electrodes in 
[C4mPyr+][TFSI-] in Figure 3.7. Only in the wet system does this peak arise, as 
in the dry system only anodic dissolution of Ag0 to Ag+ is measured, lending to 
the probability that silver oxide formation will only occur once sufficient water 
is present in the electrolyte. 
 
Table 3.4 -Cyclic voltammetric data procured for the electrodeposition of Ag+ to Ag0 onto GC 
electrodes from AgOTf in [C4mPyr+][TFSI-] (water content 460 ppm). † 
 (mV s-1)  (V)  (V)  (V) (V)  (mC)  (mC)  
Electrodeposition of Ag+ - Ag0 onto GC from ‘wet’ AgOTf/[C4mpyr][TFSI] electrolyte 
50 -0.673 -0.109 -0.283 0.783 5.09 × 10-3 4.10 × 10-3 0.81 
100 -0.756 -0.113 -0.322 0.869 6.86 × 10-3 5.57 × 10-3 0.81 
200 -0.851 -0.178 -0.337 1.029 8.93 × 10-3 8.10 × 10-3 0.91 
300 -0.881 -0.176 -0.353 1.057 11.3 × 10-3 9.91 × 10-3 0.87 
400 -0.930 -0.162 -0.384 1.092 12.6 × 10-3 10.9 × 10-3 0.86 
500 -0.968 -0.117 -0.423 1.085 14.3 × 10-3 12.2 × 10-3 0.86 
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Figure 3.7 -Cyclic voltammograms for a silver electrode in ‘wet’ and ‘dry’ 
[C4mPyr+][TFSI-] solution measured at a scan rate of 50 mV s-1. † 
 
To further investigate the silver nanoparticle formation from AgOTf in 
[C4mPyr+][TFSI-], the electrolyte was experimentally analysed via UV-Vis 
spectroscopy which clearly shows a surface plasmon resonance at 483 nm, 
typical of silver nanoparticles shown in Figure 3.8.26,33,37 It is proposed that the 
band observed at ca. 370 nm is associated with the d-d transition for Ag2+ as 
has been previously noted in the literature.38 It is this spectral data which 
suggests that the silver nanoparticle formation is occurring via a 
disproportionation reaction. 
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Figure 3.8 - UV-Visible spectrum of the formation of AgNPs from ‘wet’ AgOTf in 
[C4mPyr+][TFSI-].† 
 
The presence of AgNPs with clear grain boundaries in solution was also 
experimentally observed via TEM imaging, shown in Figure 3.9. The 
phenomenon of chemical AgNP formation was observed as early as ca. 1 hour 
after the electrolyte was exposed to atmospheric conditions. This is expected 
due to the low water content in the dry glovebox. It was found that upwards of 
5 hours was required to observe the same phenomenon in a dry atmosphere. 
There is a direct correlation between water content of the RTIL and time 
period for AgNP chemical formation, with the water content of each system 
being 60 ppm under dry glovebox conditions and 460 ppm under ambient 
conditions as measured via Karl Fischer titration. It is important to note that 
these values are in close agreement with those obtained by Compton for the 
same RTIL.39 In that study the [C4mPyr+][TFSI-] ionic liquid as well as others 
were studied for the effect of water content on the electrochemical window 
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with findings showing an inverse relationship. It is clear that Figure 3.7 shows 
a wider electrochemical range for the ‘dry’ rather than the ‘wet’ 
AgOTf/[C4mPyr+][TFSI-] electrolyte which is also in line with the findings by 
Compton.39 
 
 
Figure 3.9 - TEM images for the AgNPs formed in the ‘wet’ AgOTf/[C4mPyr+][TFSI-] 
electrolyte. Scale bar measures 60 nm. † 
 
Ultraviolet radiation was ruled out as a contributor to the 
disproportionation phenomenon as no differences were recorded when the 
electrolyte was kept in the dark. Similar time spans were recorded ruling out 
the possibility that UV radiation assisted or was an integral variable for the 
AgNP formation. When this is taken into account it suggests that the AgNP 
formation mechanism is likely occurring through the reaction of Ag+ with 
electrolyte moieties rather than the effects of direct UV irradiation, although 
the nature of this chemical reaction is not completely clear at present. 
 The literature includes work that shows monovalent Ag+ and Cu+ ions 
disproportionate to form the M2+ ion and M0 in a solution consisting of water 
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and chelating ligands such as 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane.40 Based on work by Kestner et al. and the 
assumption that that Ag+ is coordinated by [TFSI]- in the ‘wet’ 
[C4mPyr+][TFSI-] upon dissolution the following is proposed: 
 
 
 
3.1 
 It has been shown that the d-d transition for Ag2+ is in the region of 
348 – 376 nm which has been highlighted in Figure 3.8, as well as the broad 
band typical of AgNPs (483 nm), thus this evidence is used to hypothesis the 
disproportionation theory for the formation of Ag0 as shown in equation 3.1.27 
 Revisiting the voltammogram in Figure 3.6, the second process on the 
negative sweep has been suggested to be the Ag2+/Ag+ couple, which has 
previously been determined to be located at more negative potentials than the 
Ag+/Ag0 process.40 Therefore the shoulder observed at -0.930 V could be 
assigned as Ag2+. The final reductive process before reaching the switching 
potential is assigned to that of newly available Ag+ reduction onto silver 
nanoparticles adsorbed to the GC surface. This would fit with previous reports 
in the case of Ag+ reduction from DIMCARB.26 The voltammogram also fits 
well with a study by Sroczynski and Grzejdziak for Ag2+ isocyclam complexes 
in aqueous solutions in which a peak-peak separation of ca. 250 mV fits closely 
to that observed in this case of 250 mV.38 
 The final relevant observation made by Kestner et al regarding the 
disproportionation reaction in wet organic solvents whilst in the presence of 
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the chelating ligands, is that a silver mirror is observed on the walls of a 
reaction vessel due to bulk reduction of silver metal occurring.40 In dry 
solvents this did not occur. Since the [C4mPyr+][TFSI-] RTIL has a moderate 
level of water impurity, when allowed to absorb moisture, and combining this 
with the presence of the chelating ligand ([TFSI]- anion) the disproportionation 
reaction is able to occur. Although a silver mirror finish is not observed with 
the ‘wet’ AgOTf/[C4mPyr+][TFSI-] electrolyte, it may be that the higher 
viscosity results in slow formation of the Ag0 and thus favours the production 
of AgNPs rather than bulk metallic silver. If allowed to rest for sufficient time 
(months), large deposits of silver will be eventually formed on the walls and 
floor of the reaction vessel with the eventual diffusion and combination of the 
reactive nanoparticles. 
3.2.3.2 Stability of the AgOTf /[C4mPyr+][TFSI-] reference electrode. 
Since the [C4mPyr+][TFSI-] RTIL has been chosen as the Ag|Ag+ (10 
mM AgOTf in [C4mPyr+][TFSI-]) reference electrode’s supporting electrolyte41 
it is important to determine whether previous findings regarding the water 
content affects in [C4mPyr+][TFSI-] will affect the stability of the ionic liquid 
electrode over time. Allowing the [C4mPyr+][TFSI-] reference electrode to rest 
at ambient conditions and then measuring for any drift in potentials using a 
REDOX probe, ferrocene,42 showed negligible changes in the E0 values (Figure 
3.10). Whether this experiment was attempted in ‘dry’ or ‘wet’ 
[C4mPyr+][TFSI-] the results show similar E0 values for the ferrocene couple. 
This experiment shows the stability of the reference electrode under both inert 
and ambient conditions.41 With this in mind for this thesis the Ag|Ag+ (10 mM 
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AgOTf in [C4mPyr+][TFSI-] will be used when undertaking further 
electrochemical techniques with confidence. 
 
 
Figure 3.10 - Cyclic voltammograms of the Ferrocene calibration for the [C4mPyr+][TFSI-] 
ionic liquid based reference electrode. 
 
3.3 Chronoamperometric studies of silver electrodeposition 
from aqueous and ionic liquid electrolytes. 
This section seeks to understand the mechanism of silver deposition 
from the three systems studied within this chapter, with particular attention 
given to probe the differences which arise due to adventitious water in the 
[C4mPyr+][TFSI-] ionic liquid. 
3.3.1 Aqueous system. 
Chronoamperometry was used to further elucidate the nucleation and 
growth mechanism suggested by the cyclic voltammograms of the 5 mM 
AgNO3 in 0.1 M KNO3 system. Typical chronoamperogram transients (
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curves) are shown in Figure 3.11, revealing the current response over time 
exhibiting a current density maximum ( ) at a time maximum ( ). After this 
point the current response is defined as being current limited as the diffusion 
extends away from the electrode surface into the electrolyte as all Ag+ in the 
immediate region is being reduced to electrodeposited metal. In order to attain 
qualitative information regarding the nucleation and growth mechanism of 
this system the method and formulae derived by Scharifker and Hills43 were 
used as described in section 2.3.8.2 (page 63). The method was applied to all 
 curves at the applicable and the information extracted is shown in 
Table 3.5. 
50 mV potential steps were used for the chronoamperometry of this 
system from +0.35 V through to -0.30 V. Using the Scharifker & Hills theory, 
diffusion coefficients have been estimated for each curve. As is shown in 
Table 3.5, the nature of the nucleation and growth for the electrodeposition of 
Ag+ to Ag0 begins as fitting well with instantaneous transients near the onset 
potential for 0.35 V. Interestingly once the potential is stepped passed 0.00 V, 
labelled    (transition potential), the nature of the mechanism shifts towards a 
progressive nucleation and growth nature.  
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Figure 3.11 – J-t curves (solid) and non-dimensional plot (dashed) of  vs.  for the 
electrodeposition of silver from mM AgNO3 in 0.1 M KNO3 onto glassy carbon at potentials of 
+0.35 V and -0.15 V. † 
 
Table 3.5 - Chronoamperometric data obtained for the reduction of Ag+ to Ag metal onto 
glassy carbon electrodes from 5 mM AgNO3 in 0.1 KNO3. † 
 
As mentioned earlier, the method models the data as adhering to one of 
two limiting mechanisms for the immediate nucleation and growth taking 
 2mJJ mtt
 (V) Mechanism  (s)  (A cm-2)  (A2s cm-4)  (cm2 s-1) 
5 mM AgNO3 in 0.1 KNO3 Calculated D: 1.8 ± 0.7 × 10-5 
0.35 Instantaneous 0.5 7.8 × 10-4 3.3 × 10-7 8.6 × 10-6 
0.30 Instantaneous 0.02 2.2 × 10-3 1.2 × 10-7 3.1 × 10-6 
0.25 Instantaneous 0.006 6.7 × 10-3 2.6 × 10-7 6.9 × 10-6 
0.20 Instantaneous 0.1 2.3 × 10-3 5.0 × 10-7 1.3 × 10-5 
0.15 Instantaneous 0.06 2.8 × 10-3 4.9 × 10-7 1.3 × 10-5 
0.10 Instantaneous 0.05 3.3 × 10-3 6.2 × 10-7 1.6 × 10-5 
0.05 Instantaneous 0.04 3.9 × 10-3 6.6 × 10-7 1.7 × 10-5 
0.00 Progressive 0.06 3.9 × 10-3 9.5 × 10-7 2.5 × 10-5 
-0.05 Progressive 0.05 4.2 × 10-3 1.0 × 10-6 2.7 × 10-5 
-0.10 Progressive 0.03 5.5 × 10-3 1.0 × 10-6 2.7 × 10-5 
-0.15 Progressive 0.02 6.9 × 10-3 9.6 × 10-7 2.5 × 10-5 
-0.20 Progressive 0.01 9.4 × 10-3 8.8 × 10-7 2.3 × 10-5 
-0.25 Progressive 0.008 1.1 × 10-2 9.5 × 10-7 2.5 × 10-5 
-0.30 Progressive 0.006 1.3 × 10-2 1.0 × 10-6 2.7 × 10-5 
stepE mt mJ mmtJ
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place at the electrode surface, these being instantaneous or progressive. As can 
be seen in Figure 3.11 two particular step potentials ( ) have been chosen 
which are of interest in this system as both mechanisms have been observed 
taking place depending on . The data sets representing the transformed 
 curves in the Figure 3.11 nondimensional plot of  vs.  are 
shown as being close to one mechanism each. The data referring to that 
measured at  +0.35 V shows good agreement with an instantaneous 
nucleation and growth mechanism, whereas the data recorded at 
 
-0.15 V 
is in close agreement with a progressive mechanism. This phenomenon of 
switching in nucleation and growth mechanism dependent upon voltage is not 
seen in the RTIL systems which will be discussed later. 
 Additional information from the chronoamperometric data, namely the 
nucleation number density , can be calculated via theory proposed by 
Gunawardena et al.44 as follows: 
 
 
 
3.2 
The data included in the initial rise prior to the  of the  curves 
and the relationship above (Eq. 3.2) can be used to draw a plot of calculated  
as a function of , shown in Figure 3.12 to determine if any trends can be 
made within this system. What is apparent, is that once again two different 
trends are shown for the chronoamperogram transients at potentials below 
mJ
stepE
tJ   2mJJ mtt
stepE
stepE
0N
 
21
21
0
2123204.1

 tNMDCnF
J bulk
mJ tJ 
0N
stepE
 106 
and above the . At potentials positive of , (where instantaneous 
nucleation mechanisms for this system lie) the high values of  drop as the 
maximum is approached. Once  is reached and overpotentials are stepped 
more negative, region with progressive nucleation, a positive linear trend in 
 occurs. It is interesting to note that whilst the eventual nucleation 
mechanism will tend to being progressive that such a large number of nuclei 
are formed in short time frames. 
 
 
Figure 3.12 - Plot of calculated nucleation number density ( ) as a function of applied 
potential for the Ag electrodeposition onto glassy carbon from 5 mM AgNO3 in 0.1 M KNO3. † 
 
To gain further insight into the strong dependence of nucleation growth 
mechanism and overpotential, scanning electron microscope imaging of the 
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electrode surface after the electrodeposition of silver was carried out. To keep 
the results comparable a constant charge was applied during electrodeposition 
at each overpotential (Q = 90 mC cm-2) onto the same glassy carbon electrode. 
SEM images are shown in Figure 3.13. 
Figure 3.13a and b show the deposits formed at an overpotential of 
-0.15 V. The electrode surface coverage is made up entirely of dendritic growth 
structures of lengths up to 10 µm and diameters in the range of 0.5 – 1.5 µm. 
These structures can be attributed to progressive nucleation and growth at 
this initial period of electrodeposition at this potential from this media. Figure 
3.13c and d show micrograph images of the deposit which was formed at a 
potential of +0.20 V. Stark differences can be drawn between the two deposits 
with clearly no evidence of dendritic growth and uniformity between 
nucleation site size, shape and distribution in the latter case. This regular size 
distribution and shape control are in strong agreement with the instantaneous 
nucleation-growth mechanism as previously determined via 
chronoamperometric calculations. 
Energy dispersive x-ray spectroscopy (EDS) was also used whilst 
samples were mounted within the SEM chamber to ascertain the elemental 
nature of the deposits, shown in Figure 3.14 is the maps for the electrodeposit 
at -0.15 V. The dendrites themselves are observed to be mostly silver in 
make-up, with very little carbon or oxygen being trapped in the silver growth. 
In Figure 3.15 are the maps for the smoother instantaneous nucleation growth 
of silver. Carbon has coverage of the entirety of the map with only a small 
silver response. Most growth are in the region of 0.5 – 1.0 µm in diameter, 
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using the Kanaya-Okayama depth penetration formula a calculated depth of 
ca. 0.85 µm would allow EDS spectra to measure signals from the GC electrode 
below. 
 
Figure 3.13 - SEM images for deposits prepared through CA methods at overpotentials of 
-0.15 V (a + b) and +0.20 V (c + d) vs. Ag|AgCl|KCl, in 5 mM AgNO3 in 0.1 M KNO3. † 
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Figure 3.14 - EDS maps for deposits prepared at overpotential of -0.15 V vs. Ag|AgCl|KCl, 
with maps labelled for particular element detected. 
 
 
Figure 3.15 - EDS maps for deposits prepared at overpotential of +0.20 V vs. Ag|AgCl|KCl, 
with maps labelled for particular element detected. 
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3.3.2 Ionic liquid systems. 
The results for the chronoamperometric calculations can be seen in 
 curve from Figure 3.16, the best fit for the curve suggests that the 
electrodeposition reduction of Ag+ takes place via an instantaneous nucleation-
growth mechanism at the glassy carbon electrode.  
These results are also reflected in Table 3.6, which show that the entire 
range of overpotentials measured provide an instantaneous mechanism, this is 
unlike what has been observed by He et al., whereby the silver 
electrodeposition was found to deviate between both the nucleation-growth 
types.19 He et al. suggested that this may be due to mixed kinetics and 
diffusion of the system, as well as taking into consideration the increased 
viscosity that is attributed to RTILs. Although in this case it may be attributed 
to the change from the increased water content (1960 ppm) which is essentially 
saturated with moisture compared to the study of He et al 
 
Figure 3.16 - Non-dimensional vs. transients for the nucleation and growth 
mechanism of silver from 20 mM AgBF4in [BMIm+][BF4-] onto glassy carbon. † 
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Table 3.6 - Chronoamperometric data obtained for the reduction of Ag+ to Ag0 at a glassy 
carbon electrode from 20 mM AgBF4 in [BMIm+][BF4-].† 
 (V) Mechanism  (s)  (A cm-2)  (A2s cm-4)  (cm2 s-1) 
20 mM AgBF4 in [BMIm+][BF4-] Calculated D: 6.5 ± 2.8 × 10-8 
-0.25 Instantaneous 1.4 2.1 × 10-4 6.5 × 10-8 1.1 × 10-8 
-0.30 Instantaneous 0.4 2.2 × 10-4 1.9 × 10-8 3.1 × 10-8 
-0.35 Instantaneous 0.4 2.9 × 10-4 3.4 × 10-8 5.6 × 10-8 
 
When compared to the AgOTf in [C4mPyr+][TFSI-] system stark 
differences are once again observed. As discussed earlier when the water 
content of the [C4mPyr+][TFSI-] RTIL was allowed to rise differences were 
found in the voltammetric behaviour and that is also evident in the 
chronoamperometry measurements, shown for both systems in Figure 3.17. To 
avoid complications in measurements which may come about due to the Ag 
nanoparticle formation in the ‘wet’ system chronoamperograms were recorded 
immediately after dissolution of the silver triflate in both cases. Although it 
has been shown that measurements may still be recorded at short time spans 
compared to that of the nanoparticle formation, it is important to note that 
contributions to the data from the coupled chemical process should not be 
entirely discounted when interpreting these results.26  
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Figure 3.17 - Non-dimensional  vs.  transients for the nucleation and growth 
mechanism of silver from 10 mM AgOTf in [C4mPyr+][TFSI-] onto glassy carbon under ‘wet’ 
and ‘dry’ conditions. † 
 
 The ‘dry’ electrolyte fit best when compared to the instantaneous 
mechanism, which was also the case with the [BMIm+][BF4-] ionic liquid. The 
stark difference is shown when collecting data for the ‘wet’ system which 
shows a fit with the progressive nucleation-growth mechanism. Once again the 
water impurity is shown to cause severe differences in the system with the 
entire mechanism for silver electrodeposition being altered as a consequence. 
This change in behaviour for the AgOTf/[C4mPyr+][TFSI-]is represented in 
both Figure 3.17 and Table 3.7.  
 2mJJ mtt
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Table 3.7 - Data for the chronoamperometry of the electrodeposition of AgOTf in 
[C4mPyr+][TFSI-] onto glassy carbon at (a) 'dry' and (b) 'wet' conditions. † 
 (V) Mechanism  (s)  (A cm-2)  (A2s cm-4)  (cm2 s-1) 
10 mM AgOTf in ‘dry’ [C4mPyr+][TFSI-]  Calculated D: 2.6 ± 1.7 × 10-8 
-0.25 Instantaneous 0.5 1.1 × 10-4 5.7 × 10-8 2.4 × 10-8 
-0.30 Instantaneous 1.3 1.3 × 10-4 2.2 × 10-8 9.0 × 10-8 
-0.35 Instantaneous 0.3 2.7 × 10-4 2.3 × 10-8 9.3 × 10-8 
-0.40 Instantaneous 0.3 2.7 × 10-4 2.2 × 10-8 9.2 × 10-8 
-0.45 Instantaneous 0.1 3.8 × 10-4 1.5 × 10-8 6.1 × 10-8 
10 mM AgOTf in ‘wet’ [C4mPyr+][TFSI-]  Calculated D: 2.6 ± 1.7 × 10-8 
-0.50 Progressive 1.1 1.2 × 10-4 1.6 × 10-8 6.8 × 10-8 
-0.55 Progressive 0.5 1.4 × 10-4 9.3 × 10-9 3.8 × 10-8 
-0.60 Progressive 0.03 1.8 × 10-4 9.0 × 10-10 3.7 × 10-8 
-0.65 Progressive 0.3 1.9 × 10-4 1.0 × 10-8 4.2 × 10-8 
-0.70 Progressive 0.2 2.8 × 10-4 1.2 × 10-8 5.0 × 10-8 
-0.75 Progressive 0.1 3.4 × 10-4 1.3 × 10-8 5.2 × 10-8 
-0.80 Progressive 0.1 2.9 × 10-4 1.1 × 10-8 4.7 × 10-8 
-0.85 Progressive 0.1 2.9 × 10-4 1.1 × 10-8 4.4 × 10-8 
-0.90 Progressive 0.06 3.5 × 10-4 8.0 × 10-9 5.3 × 10-8 
-0.95 Progressive 0.08 3.1 × 10-4 8.4 × 10-9 5.6 × 10-8 
-1.00 Progressive 0.09 3.4 × 10-4 1.1 × 10-8 4.5 × 10-8 
-1.05 Progressive 0.06 4.3 × 10-4 1.2 × 10-8 5.0 × 10-8 
-1.10 Progressive 0.04 5.2 × 10-4 1.1 × 10-8 4.5 × 10-8 
-1.15 Progressive 0.04 4.2 × 10-4 7.7 × 10-9 3.2 × 10-8 
 
The AgBF4/[BMIm+][BF4-] system as well as the two 
AgOTf/[C4mPyr+][TFSI-] electrodeposits were then analysed via SEM which 
was shown to highlight the differences in the progressive and instantaneous 
mechanisms for the previous aqueous electrolyte case, Figure 3.18. To ensure 
comparisons can be made a charge was kept constant for all electrodeposit 
measurements (Q = 90 mC cm-2).  
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Figure 3.18 - SEM images for deposits prepared through CA methods at an overpotential of 
-0.80 V vs. Ag QRE in 20mM AgBF4 in [BMIm+][BF4-] onto GC. † 
 
The Ag deposit from the AgBF4 electrolyte was prepared at an 
overpotential of -0.80 V vs. Ag QRE, where an instantaneous nucleation and 
growth mechanism was determined. The micrograph images clearly show that 
an instantaneous nucleation and growth is occurring with a small size 
distribution between 100 nm – 2 µm diameter. The EDS maps performed 
shows the nucleation sites are composed of silver having no impurity present, 
shown in Figure 3.19. Similar behaviour is seen in the ‘dry’ 
AgOTf/[C4mPyr+][TFSI-] micrographs, as predicted by the chronoamperometry 
study the deposits are non-dendritic and are of small size distribution, Figure 
3.20a & b. 
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Figure 3.19 - EDS maps for deposits prepared at overpotential of -0.80V vs. Ag QRE, with 
maps labelled for particular element detected. 
 
Figure 3.20 - SEM images for deposits prepared through CA methods for both (a) & (b) 'dry' 
and (c) & (d) 'wet' cases of AgOTf/[C4mPyr+][TFSI-] electrolyte. † 
 116 
The ‘dry’ electrolyte (depositing at -0.75 V vs. Ag|Ag+) provided a 
mechanism as predicted to be instantaneous like the AgBF4/[BMIm+][BF4-] 
electrolyte, with a noticeably similar nucleation density. The size distribution 
of silver deposits at these overpotentials vary little which is also an indication 
of an instantaneous mechanism (500 nm – 1 µm). The deposits themselves are 
highly anisotropic in the AgOTf/[C4mPyr+][TFSI-] electrolyte and may be 
affected by the RTIL acting as a growth directional agent, observed for many 
organic surfactants45,46 and inorganic salts47 which have been applied to 
electroplated metals. Another similarity between the AgBF4/[BMIm+][BF4-] 
and ‘dry’ AgOTf/[C4mPyr+][TFSI-] is the purity of the nucleation sites as 
determined via EDS mapping, shown in Figure 3.21. 
 
 
Figure 3.21 - EDS maps for deposits prepared at overpotential of -0.75 V vs. Ag QRE, with 
maps labelled for particular element detected. 
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On the other hand, the SEM images for the ‘wet’ electrolyte, (deposited 
at -1.40 V vs. Ag|Ag+) are a definite indication for the progressive mechanism 
exhibiting a large variance in size distribution of spherical and anisotropic 
deposited particles. As was the case with the deposit from 
AgBF4/[BMIm+][BF4-], a sub-micron layer has been covered by larger 
structures with evidence for areas where structures have detached after 
deposition. Interestingly the EDS maps shown in Figure 3.22, display a 
distinct difference in morphology composition in the ‘wet’ system 
electrodeposits. Figure 3.22 shows that Oxygen, Fluorine and Sulphur are all 
included in the structures at the GC surface. Silver nanoparticle formation via 
the reaction outlined in equation 3.1 proposes that silver is chelated by the 
[TFSI]- anion to yield silver nanoparticles, this would definitely explain why 
the [TFSI]- components are also found at the GC surface as the chelating 
ligand would still be bound to the silver nanoparticle simultaneously as 
deposition is occurring. 
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Figure 3.22 - EDS maps for deposits prepared at overpotential of -0.75 V vs. Ag QRE, with 
maps labelled for particular element detected. 
 
Whilst these changes are observed visually, x-ray diffraction patterns 
(Figure 3.23) were collected to observe any promoted growth in a particular 
crystal plane either due to the modified mechanism or growth directional 
agent properties of the two RTILs which was suggested as a reasonable 
explanation for the anisotropic nature of silver deposits. GADDS was also 
performed to determine the crystallographic nature of these deposits, as well 
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as to ascertain if certain crystal planes of the silver (detected via EDS) were 
preferred at these particular overpotentials. 
In the case of the aqueous AgNO3/KNO3 system, the peaks for silver 
metal at 2θ = 38.2°, 64.5° and 81.4° were observed which correspond to crystal 
planes {111}, {220} and {222} for polycrystalline silver.48 Both the Ag (220) and 
Ag (222) peaks are weak compared to the Ag (111) peak which dominates the 
diffraction pattern, even when compared to the strong background pattern for 
the glassy carbon substrate the silver has been deposited upon. 
 
Figure 3.23 - X-ray diffraction patterns for Ag deposits on glassy carbon electrodes from 
AgNO3/KNO3, AgBF4/[BMIm+][BF4-], both 'wet' and 'dry' AgOTf/[C4mPyr+][TFSI-], and a 
pristine glassy carbon electrode. † 
 
In regards to the deposit from AgBF4/[BMIm+][BF4-] electrolyte the 
Ag(1,1,1) peak is once again significant in comparison to the other 
characteristic silver peaks as was the case in the aqueous system, also having 
 120 
a strong peak for Ag(2,2,2) to surpass the glassy carbon background unlike the 
analysis for both AgOTf/[C4mPyr+][TFSI-] deposits. When comparing the 
AgOTf/[C4mPyr+][TFSI-] deposits the ‘dry’ Ag(1,1,1) is very weak in 
comparison to the ‘wet’ Ag(1,1,1). Additionally in this ‘wet’ case an increase in 
the Ag(1,1,1) peak is again present which is closest in comparison to the 
aqueous AgNO3/KNO3 deposit as well as the AgBF4/[BMIm+][BF4-] electrolyte 
(water content 1960 ppm) highlighting the role that absorbed water has on the 
mechanism of silver electrodeposit formation, morphology and crystallography 
in ionic liquids. 
When the Nucleation number density is plotted for the ionic liquids, it 
can be seen from Figure 3.24 that high values for N0 are observed for the dry 
[C4mPyr+][TFSI-] as was the case in the aqueous system. The ‘wet’ 
[C4mPyr+][TFSI-] provided lower values for N0 even though a progressive 
nucleation mechanism was predicted to operate as determined by the 
chronoamperogram calculations. 
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Figure 3.24 - Plot of calculated nucleation number density ( ) as a function of applied 
potential for the Ag electrodeposition onto glassy carbon from the ionic liquid systems: 
AgBF4/[BMIm+][BF4-] (▲), ‘dry’ (×) and ‘wet’ AgOTf/[C4mPyr+][TFSI-] ( ).† 
3.4 Conclusions 
Silver metal electrodeposition was demonstrated in conventional 
aqueous electrolyte AgNO3/KNO3 as expected following a single electron 
process which had chemical reversibility affected by surface oxide formation 
due to the more basic pH (pH = 5.4) of the electrolyte system as was indicated 
by the obvious primary dissolution peak in the cyclic voltammogram and 
supported by the observation of the same oxide dissolution from a silver 
electrode in a NaOH basic solution (pH = 13). 
Silver was also effectively cycled at a glassy carbon electrode in the 
AgOTf/[C4mPyr+][TFSI-] system when the electrolyte was kept ‘dry’. Allowed to 
0N
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absorb moisture (measured 460 ppm H2O), it is suggested the silver metal 
disproportionates to form the M2+ ion and eventually M0 metal nanoparticles 
in the presence of ‘wet’ [C4mPyr+][TFSI-] which acts as a chelating ligand 
following work previously by Kestner et al.. Clear indication of this silver 
nanoparticle formation occurring can be seen in the stark shift in  and , 
the nanoparticles precipitating out of solution and the multiple processes 
observed in the cyclic voltammogram. These observations are confirmed via 
TEM imaging, EDS analysis and UV-Vis spectroscopy. Whilst the chemical 
reaction is occurring, with electrodeposition Ag+ to Ag0 onto the surface of the 
glassy carbon electrode it had negligible effects on the stability of the reference 
electrode which utilises the very same electrolyte components whilst being 
exposed to ambient conditions for lengths of time. An important finding that 
allows the subsequent electrochemistry of Li+ to Li0 to be probed with assured 
accuracy. 
The AgBF4/[BMIm+][BF4-] with a higher amount of water impurity was 
not affected by any silver disproportionation and cycled efficiently unlike the 
‘wet’ AgOTf/[C4mPyr+][TFSI-]. Both these ionic liquid based electrolytes had 
near full chemical reversibility unlike the aqueous system. In all three cases 
the electrodeposition follows a nucleation and growth type mechanism, with 
the RTILs predominantly controlled by an instantaneous limited nucleation 
growth. Although in the case of the ‘wet’ AgOTf/[C4mPyr+][TFSI-] the 
nucleation growth type mechanism tended to progressive which was also the 
observed nucleation growth type mechanism in the aqueous AgNO3/KNO3 
electrolyte. Appreciable water content in the [C4mPyr+][TFSI-] RTIL has been 
red
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shown to markedly affect the deposition mechanism. Tuning the RTIL water 
content could provide a tool to a preferred nucleation growth mechanism, in 
the case of cycling a lithium metal electrode where high water content is 
detrimental, this is an important finding.  
In summary, it has been shown that the ionic liquids [BMIm+][BF4-] and 
[C4mPyr+][TFSI-] can be effectively used as media for the electrodeposition of 
silver metal with greater chemical reversibility than the aqueous KNO3 
electrolyte. Although it must be noted that the electrodeposition of silver from 
[C4mPyr+][TFSI-] is affected by the uptake of atmospheric water and must be 
controlled or tuned to benefit the application. The electrodeposition of silver 
was effectively modelled by the theory outlined by Hills and Scharifker 
confirming the nucleation and growth mechanisms to be either instantaneous 
or progressive limited even in the case of the RTIL systems. Therefore, it is 
proposed that this theory should be applicable to other RTIL systems including 
but not limited to those of analogous metals (lithium) or RTILs 
([C3mPyr+][FSI-]). 
It is surmised that both the AgBF4/[BMIm+][BF4-] and ‘dry’ 
AgOTf/[C4mPyr+][TFSI-] systems provided a medium for deposition of non-
dendritic growths at a GC electrode by acting as growth directional agents. 
This type of dendrite-suppressing morphological tailoring is especially 
beneficial to the SEI forming step with a lithium metal anode at which 
dendrites are able to cause a host of safety concerns. Further investigation has 
shown that these RTILs have cycled silver effectively with near unity chemical 
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reversibility, and effective deposition and stripping which elevates their 
promise as a potential supporting electrolyte in the lithium battery. 
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Chapter IV 
 
Investigation of the electrodeposition of 
lithium from various lithium salts in 
N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide. 
4 Investigation of the electrodeposition of lithium from 
various lithium salts in N-propyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide. 
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4.1 Introduction and aims. 
Developing next generation lithium metal battery technologies, such as 
Li-S and Li-Air (O2), requires stability of the Li metal anode. Previous research 
conducted for lithium metal batteries using carbonate based electrolyte 
systems show that there are significant problems to overcome.3,4 there is still 
many questions left to answer. When using RTILs in electrochemical 
applications the choice of the anion and cation affect the properties of the 
resulting liquids (as discussed in the Introduction), such as the ionic 
conductivity, viscosity and electrochemical window range. 
Since lithium metal battery technology has been setback by problems 
such as dendrite formation and subsequent short circuiting during cycling of 
lithium metal anodes it is hypothesised that using RTILs may overcome this 
issue1,2 as it has been documented that RTIL provide an instantaneous 
nucleation and growth type mechanisms of electrodeposited species.5-9 Studies 
have been conducted using several RTILs which include, imidazolium cation 
based RTILs using the bis(trifluoromethanesulfonyl)imide [TFSI]-, 
tetrafluoroborate [BF4]-, and hexafluorophosphate [PF6]- anions10, quaternary 
ammonium  cations paired with [TFSI]- anions11 as well as several studies 
using RTILs based on the pyrrolidinium cation paired with  the [TFSI]- anion 
as well as the analogous bis(pentafluoroethanesulfonyl)imide [PFSI]- and 
bis(fluorosulfonyl)imide anions [FSI]-.12-16 
Focusing on the RTIL N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide, studies have been carried out to determine the 
morphology of the lithium metal through cell cycling17 which is tied to SEI 
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formation, as well as the behavior of lithium cycling in [C3mPyr+][FSI-].5In 
work conducted by Best et al. it was determined that a pyrrolidinium cation 
based RTIL would provide the best cathodic stability from a range of cations.18 
Their work also provided insight into the benefits of utlising the [FSI]- anion to 
facilitate highly reversible electrodeposition and stripping facilitated by stable 
SEI formation at a lithium surface. Salts utilised in that study included 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) lithium tetrafluoroborate 
and (LiBF4) and lithium hexafluorophosphate (LiPF6) with best results 
achieved with a mixture of the [C3mPyr+][FSI-] and 0.5 m LiBF4. 
In a study by Bhatt et al. lithium electrodeposition and stripping was 
recorded at nickel and platinum electrodes and after lithium deposition 
pretreatment using the [C3mPyr+][FSI-]  and LiFSI electrolyte composition.5 A 
cyclic voltammetric study showed platinum electrodes provided the most stable 
electrodeposition/stripping results, displaying high coulombic efficiency in 
comparison to the nickel electrode. That study highlighted cycling behavior is 
highly dependent upon the choice of electrode which was shown to provide the 
eletrodeposited lithium with different environments which led to two diverse 
SEI formation pathways. Chronoamperometry data which was carried out 
showed that the deposition mechanism conformed to an instantaneous 
nucleation and growth type mechanism when analysed using 
Scharifker and Hills theory.19 
Following on from these two studies an investigation into the 
electrochemical properties and behaviour of five salt/RTIL mixtures will be 
carried out at a platinum electrode as well as a lithium substrate electrode to 
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determine which particular salt/RTIL mixture will provide the best coulombic 
efficiency, stability and cyclability lifetime using the techniques of cyclic 
voltammetry and chronoamperometry. These techniques will also be used to 
gain an understanding of the processes which are occurring at the electrode 
during cycling, and to ascertain why there may be a salt dependence on cycling 
performance. Salts include lithium bis(fluorosulfonyl)imide (LiFSI), lithium 
hexafluoroarsenate (LiAsF6), LiTFSI, LiPF6 and LiBF4  
4.2 Cyclic voltammetric study of lithium electrodeposition 
onto platinum from [C3mPyr+][FSI-]. 
This section studies the REDOX behaviour of lithium salts in room 
temperature ionic liquids using cyclic voltammetry. The electrolytes studied 
include; LiFSI/[C3mPyr+][FSI-]and LiTFSI/[C3mPyr+][FSI-], in addition to 
LiBF4/[C3mPyr+][FSI-], LiPF6/[C3mPyr+][FSI-] and LiAsF6/[C3mPyr+][FSI-]. It is 
thought that similarities will be drawn between the highly fluorinated LiTFSI 
and its less viscous analogous LiFSI salt, Both of which are imides that differ 
in replacement of the -CF3 functional group in [TFSI]- by -F in [FSI]-. These 
salts are then compared to the second lithium salt group comprising of 
tetrahedral LiBF4 and the octahedral salts LiPF6 and LiAsF6.In this way the 
effect the different salt anion’s nature has on cycling properties can be 
ascertained. 
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4.2.1 Cyclic voltammetry for the LiFSI/[C3mPyr+][FSI-] and 
LiTFSI/[C3mPyr+][FSI-] electrolytes. 
Prior to any plating and stripping of lithium the neat [C3mPyr+][FSI-] 
was first probed using cyclic voltammetry (CV) in order to determine the 
electrochemical window of the ionic liquid and ascertain whether processes are 
occurring. Figure 4.1 shows both platinum and lithium electrodes cycled in 
neat [C3mPyr+][FSI-] starting at 0 V vs. Ag|Ag+. Two scans were measured, 
one in which the potential was ramped positively, and another negatively in 
order to understand if any processes were occurring. As expected a peak at 
ca. 0.5 V is present in the scan which was initially ramped positively using a 
platinum electrode. The peak has been reported20 to be an oxidation product of 
the IL as it is absent from the negatively ramped scan. An even weaker 
response of is observed at ca. -2.0 V (-0.461 mA cm-2) which is negligible in 
comparison to larger responses observed with salt inclusion e.g. 33.54 mA cm-2 
at ca. -3.824 V in the LiFSI/[C3mPyr+][FSI-] electrolyte system when using a 
scan rate of 50 mV s-1. 
The electrochemical window is ca. 6.0 V exhibiting a reductive limit 
nearing -4.0 V which is consistent with work published previously.20,21 This 
reductive limit is extended to -4.7 V when cyclic voltammetry is carried out at 
a lithium metal electrode which is highly beneficial as the electrochemistry of 
lithium salts often takes place in this voltage domain.5 The electrochemical 
window for the FSI based IL at a lithium electrode is consistent with previous 
studies.5 With the electrochemical window covering this negative voltage 
domain it is now possible to cycle lithium without degrading the supporting 
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electrolyte, in this case via reducing the [C3mPyr+][FSI-] ionic liquid. The CV 
for lithium metal is added to illustrate the extended electrochemical window, 
and is magnified in Figure 4.9a.  
 
Figure 4.1 – Electrochemical window of the neat [C3mPyr+][FSI-] measured at both platinum 
and lithium electrodes. 
The REDOX behaviour of the Li+/0 at a platinum electrode was observed 
using cyclic voltammetry in a LiFSI/[C3mPyr+][FSI-] electrolyte over a 
potential region from -2.0 V, where no processes occur at a polished platinum 
electrode, to a  lower limit of -4.25 V. The CVs recorded at multiple scan rates 
are shown in Figure 4.2a, unlike results from the previous chapter, no 
crossover was observed in this system, otherwise the overall shape of the 
voltammograms are similar. This is evidence that a lithium salt can be 
effectively deposited and Li0 stripped from the surface in a room temperature 
ionic liquid at a platinum electrode.18 The electrodeposition of lithium takes 
place at quite negative potentials; in the case of the 10 mVs-1 scan rate the 
 is located at ca. -3.706 V whilst the  is situated at -3.223 V. In this 
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discussion the 10 mV s-1 scan rates will be used for comparisons between 
systems. The electrodeposition of lithium is analogous to the silver case 
discussed in Chapter 3 in that it is a single electron reduction from Li+ to form 
Li0 metal. However on the positive sweep it is stripped off in a more complex 
manner compared to the simple Ag case with three defined processes 
appearing, see Figure 4.2. In addition to the main  process, additional 
oxidative peaks are observed at -3.125 V and -2.852 V. Thus the CV behaviour 
cannot be attributed solely to the reduction and oxidation of lithium from or 
into solution. 
The peak at -2.852 V is attributed to the stripping of a lithium-platinum 
alloy and has been observed previously in other work.5,18 The peaks recorded 
at a scan rate of 10 mV s-1 at -3.223 V and -3.125 V (often discernible as a 
shoulder) are attributed to the facile stripping of lithium from electrodeposited 
lithium, and, non-alloyed lithium from platinum electrodes respectively. As 
scan rate is decreased, reductive processes tend positively, and oxidative 
processes tend to more negative potentials. This type of peak shifting suggests 
a nucleation-growth process taking place, shown in the previous chapter in the 
Ag case, though without crossover between the negative and positive sweeps, 
this data indicates otherwise. 
Also in Figure 4.1a, the shoulder which appears in all scan rates at ca. -
3.125 V manifests itself as a distinct peak in the 2 mV s-1 scan which also 
becomes the oxidative peak maximum, = -3.243 V. It is entirely possible 
that the highly reactive thermodynamically unstable Li0 is undergoing other 
reactions in situ. 
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Figure 4.2 - Cyclic voltammograms for the reduction of Li+ to Li0 onto platinum metal 
electrodes from (a) LiFSI/[C3mPyr+][FSI-] and (b) LiTFSI/[C3mPyr+][FSI-] electrolytes at scan 
rates of 2, 10, 100 and 500mV s-1. 
 
Referring to Table 4.1 it is clear that the plating and stripping of 
lithium from the LiFSI/[C3mPyr+][FSI-] is not fully chemically reversible as the 
charge ratio value should be unity if this were the case. Instead Table 4.1 
shows an average  ratio of 0.72 when regarding those scan rates of 25 
mV s-1 and above. Either of two things may be occurring, (i) the 
plating/stripping process is not chemically reversible and is the only process 
occurring or (ii) there is more than one process occurring outside of the plating 
and stripping of lithium metal. As lithium metal is known to form an SEI 
when in contact with other species which acts to protect underlying layers of 
pristine lithium metal from further reaction it is proposed that the second 
postulation (ii) is valid. Whilst lithium salts are dissolved in ionic liquid the 
solution is at equilibrium. When the potential bias is applied to the system at a 
platinum surface, not only is lithium metal plated but the Li0immediately 
reacts with the [C3mPyr+][FSI-] ionic liquid to form an as yet unidentified 
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Li(SEI) species. This chemical formation of an SEI is discussed in detail in 
Chapter 5 and has been documented in the literature.22 
 
 
 
4.1 
It is via this alternate mechanism that a thicker layer, which includes 
various SEI components, makes it difficult to strip Li0from the surface. At this 
point it is appropriate to note the ratio increases as the time of the CV 
experiment decreases (i.e. higher scan rates), it is at these faster scan rates 
that the deposited lithium metal film is not allowed time to react with the 
electrolyte. At slower scan rates ample time passes for SEI product formation 
to occur with low ratios (e.g. 0.38 at 2 mV s-1). This implies that the formation 
of SEI products onto deposited lithium occurs at a fast rate compared to that of 
subsequent lithium plating. This may be enhanced under potential bias as the 
immediate environment about the electrode would be composed entirely of 
[C3mPyr+][FSI-] available for further reaction, whereas there is a depletion 
region for Li+ as lithium deposition is a diffusion limited process. 
The electrodeposition of Li from LiTFSI/[C3mPyr+][FSI-] takes place at 
more negative potentials than that of the LiFSI/[C3mPyr+][FSI-]case with an 
approximate 200 mV shift to lower potentials at higher scan rates (shown in 
Figure 4.1b). The  for these sweeps is larger, expanding over 1 V for 
scans rates above 200 mV s-1, as the peak-to-peak separation is 1.484 V at a 
scan rate of 500 mV s-1 for this REDOX process which is larger than that of the 
LiFSI/[C3mPyr+][FSI-]system (ca. 1.0 V). 
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Table 4.1–Cyclic voltammetric data for the electrodeposition of Li+ to Li0 onto Pt electrodes. 
(mV s-1) (V) (V) (V) (V) (C) (C)  
Electrodeposition of Li+ - Li0 onto platinum from LiFSI/[C3mPyr+][FSI-] electrolyte 
2 -3.608 -3.243   -3.463* 0.291* 1.13 × 10-2 4.26 × 10-3 0.38 
5 -3.648 -3.313 -3.480 0.335 1.93 × 10-2 8.45 × 10-3 0.44 
10 -3.706 -3.223 -3.465 0.483 9.98 × 10-3 6.24 × 10-3 0.63 
25 -3.731 -3.184 -3.457 0.547 5.73 × 10-3 3.94 × 10-3 0.69 
50 -3.824 -3.086 -3.455 0.737 3.60 × 10-3 2.66 × 10-3 0.74 
100 -3.833 -3.120 -3.477 0.713 2.29 × 10-3 1.57 × 10-3 0.68 
200 -3.917 -3.031 -3.474 0.886 1.54 × 10-3 1.17 × 10-3 0.76 
300 -3.916 -2.977 -3.466 0.940 1.49 × 10-3 1.08 × 10-3 0.73 
400 -3.946 -2.977 -3.461 0.970 1.30 × 10-3 9.16 × 10-4 0.72 
500 -3.934 -2.986 -3.460 0.948 9.47 × 10-4 6.53 × 10-4 0.69 
Electrodeposition of Li+ - Li0 onto platinum from LiTFSI/[C3mPyr+][FSI-] electrolyte 
2 -3.700 -3.200 -3.450 0.500 1.58 × 10-2 1.06 × 10-2 0.67 
5 -3.698 -3.137 -3.418 0.561 1.70 × 10-2 1.12 × 10-2 0.66 
10 -3.737 -3.149 -3.443 0.588 7.53 × 10-3 5.54 × 10-3 0.74 
25 -3.854 -3.005 -3.429 0.849 4.84 × 10-3 3.77 × 10-3 0.78 
50 -3.8356 -3.135 -3.485 0.700 3.05 × 10-3 2.30 × 10-3 0.75 
100 -3.8516 -3.059 -3.455 0.793 2.03 × 10-3 1.60 × 10-3 0.78 
200 -3.970 -2.968 -3.469 1.002 1.52 × 10-3 1.03 × 10-3 0.68 
300 -4.081 -2.822 -3.451 1.259 1.32 × 10-3 1.01 × 10-3 0.76 
400 -4.108 -2.759 -3.433 1.349 1.19 × 10-3 9.05 × 10-4 0.76 
500 -4.184 -2.700 -3.442 1.484 1.07 × 10-3 8.17 × 10-4 0.76 
 represents the midpoint potential    
      
      vs. the Ag|Ag+|[C4mPyr+][TFSI-] reference 
electrode. 
 represents scan rate. 
* the peak at -3.243 V was the second oxidation peak and was not used in calculations. 
 
 Table 4.1 shows the ratio values which are in approximate agreement 
with the values observed for the LiFSI/[C3mPyr+][FSI-] electrolyte, though not 
at slower scan rates, where higher  values were observed. This 
difference suggests that either the SEI formed through this 
LiTFSI/[C3mPyr+][FSI-] electrolyte is not as extensive as the previous case 
(FSI-SEI), or that the lithium is more easily accessible in this TFSI-SEI and 
hence strips out efficiently at even the slowest scan rates. Both the FSI and 
TFSI systems have comparable charges passed during the respective reductive 
and oxidative processes. Once again the ratio of these charges passed is not 
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unity, these values suggest that salt choice may not be the dominant factor, 
and that it is in fact the ionic liquid [C3mPyr+][FSI-] that influences the 
chemically reversibility of the Li deposition stripping process. 
4.2.2 LiBF4, LiPF6 and LiAsF6 electrolyte systems. 
The systems covered in this section are sterically similar with a 
fluorinated central atom in either a tetrahedral [BF4]- or octahedral [PF6]- and 
[AsF6]- arrangement. The CVs shown in Figure 4.3 all display 
 
in the 
range of 0.233 to 1.596 V for the scan rate range of 2 to 500 mV s-1. Focusing 
on Figure 4.3a at faster scan rates a CV with only one oxidative peak is 
observed, when the scan rate slows peak splitting occurs which becomes more 
pronounced at the lowest scan rates of 2 and 5 mV s-1. Not including the Pt/Li 
alloy stripping peak these two peaks can be attributed to the stripping of Li 
from Pt, and lithium stripped from the pre-deposited lithium layer. 
This same behaviour occurs in the LiPF6/[C3mPyr+][FSI-] electrolyte, 
however the peaks at less negative potentials are favoured when using the 
LiPF6 system. If these less negative peaks are attributed to lithium stripping 
from a predeposited lithium layer which is undergoing SEI formation via 
chemical pathways, as previously stated, this implies either i) the SEI forming 
is smaller than previous systems, or ii) the SEI is more permeable to Li 
transport in and out of the SEI. 
However, the LiAsF6/[C3mPyr+][FSI-] electrolyte leads to different 
behaviour compared to both these systems, as shown in Figure 4.3c. There is 
no evidence of peak splitting at all the scan rates chosen, whilst the oxidation 
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peaks are broad and span a large domain of ca. 0.75 V in the fastest scan rates. 
Whether or not the broad oxidative peak which has been observed in the CVs 
for this system masks the two oxidative processes is unclear, not enough 
evidence has been observed to support this. Whilst this system may not share 
similarities in the oxidation region, the same currents are passed at the 
platinum electrode for both the LiBF4 and LiAsF6reduction processes while 
lower currents are passed for the LiPF6 reduction process. 
 
Figure 4.3 - Cyclic voltammograms for the reduction of Li+ to Li0 onto platinum metal 
electrodes from electrolytes containing (a) LiBF4, (b) LiPF6 and (c) LiAsF6 salts in 
[C3mPyr+][FSI-] ionic liquid at scan rates of 2, 10, 100 and 500mV s-1. 
  
The differences of the LiPF6 system compared to all other system in this 
chapter are highlighted upon further investigation outlined in Table 4.2. We 
A B 
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can see a stark difference in the 
 
ratio for the LiPF6/[C3mPyr+][FSI-] 
case in particular. The values are low at nearly all scan rates including a value 
of 0.56 which may be considered an outlier as the series rarely rises above 0.50 
over all the scan rates. This system shows signs of being highly chemically 
irreversible. As stated earlier the less negative oxidative peak process becomes 
favourable, however the most negative peak was still used in calculations 
(marked in Table 4.2 with an asterisk *). Hence these marked values are listed 
as the  value as it is the most intense peak but is not the first process. This 
occurs several times in the LiPF6 system and only once for the 
LiFSI/[C3mPyr+][FSI-] when recorded at 2 mV s-1. 
The LiAsF6/[C3mPyr+][FSI-] system has the next highest ratios with low 
values once again observed at slower scan rates. Whilst the 
LiBF4/[C3mPyr+][FSI-] system provided the better results in this series of 
electrolyte systems in terms of high  ratios without suffering the drop 
in charge ratio at low scan rates which has been customary. The values are 
similar to those calculated at the platinum electrode in 
LiTFSI/[C3mPyr+][FSIˉ], though the absolute reductive and oxidative charges 
passed did not reach the same high values. 
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Table 4.2 – Cyclic voltammetric data for the electrodeposition of Li+ to Li0 onto Pt electrodes. 
 (mV s-1)  (V)  (V)  (V) (V)  (C)  (C)  
Electrodeposition of Li+ - Li0 onto platinum from LiBF4/[C3mPyr+][FSI-] electrolyte 
2 -3.625 -3.392 -3.508 0.233 1.29 × 10-2 7.41 × 10-3 0.57 
5 -3.643 -3.356 -3.499 0.287 6.22 × 10-3 4.54 × 10-3 0.73 
10 -3.668 -3.307 -3.487 0.361 5.88 × 10-3 3.74 × 10-3 0.64 
25 -3.736 -3.271 -3.503 0.465 3.85 × 10-3 2.54 × 10-3 0.66 
50 -3.772 -3.183 -3.477 0.590 2.29 × 10-3 1.63 × 10-3 0.71 
100 -3.798 -3.142 -3.470 0.656 1.54 × 10-3 1.21 × 10-3 0.78 
200 -3.860 -3.099 -3.479 0.761 1.07 × 10-3 8.40 × 10-4 0.78 
300 -3.926 -3.033 -3.480 0.893 1.03 × 10-3 7.52 × 10-4 0.73 
400 -3.954 -3.018 -3.486 0.936 8.95 × 10-4 6.35 × 10-4 0.71 
500 -3.965 -2.988 -3.476 0.976 8.38 × 10-4 5.60 × 10-4 0.67 
Electrodeposition of Li+ - Li0 onto platinum from LiPF6/[C3mPyr+][FSI-] electrolyte 
2 -3.379 -2.828 -3.055* 0.647* 1.98 × 10-2 2.73 × 10-3 0.14 
5 -3.432 -2.665 -3.139* 0.767* 1.11 × 10-2 2.50 × 10-3 0.23 
10 -3.443 -2.759 -3.101* 0.810* 8.11 × 10-3 2.40 × 10-3 0.30 
25 -3.396 -2.657 -3.026 0.739 4.93 × 10-3 1.87 × 10-3 0.38 
50 -3.456 -2.605 -3.030 0.851 3.52 × 10-3 1.32 × 10-3 0.37 
100 -3.606 -2.536 -3.071* 1.070* 2.28 × 10-3 1.09 × 10-3 0.48 
200 -3.647 -2.504 -3.075 1.143 1.63 × 10-3 6.50 × 10-4 0.40 
300 -3.766 2.222   -3.245* 1.549* 1.33 × 10-3 7.45 × 10-4 0.56 
400 -3.773 -2.261 -3.017 1.512 1.17 × 10-3 4.50 × 10-4 0.38 
500 -3.803 -2.207 -3.005 1.596 1.04 × 10-3 4.55 × 10-4 0.44 
Electrodeposition of Li+ - Li0 onto platinum from LiAsF6/[C3mPyr+][FSI-] electrolyte 
2 -3.638 -3.255 -3.446 0.382 9.06 × 10-3 3.62 × 10-3 0.40 
5 -3.655 -3.166 -3.410 0.489 1.27 × 10-2 4.80 × 10-3 0.38 
10 -3.661 -3.123 -3.392 0.538 1.12 × 10-2 3.98 × 10-3 0.36 
25 -3.698 -3.114 -3.406 0.583 5.62 × 10-3 2.86 × 10-3 0.51 
50 -3.727 -3.136 -3.432 0.592 3.42 × 10-3 2.27 × 10-3 0.66 
100 -3.828 -3.134 -3.481 0.694 2.16 × 10-3 1.28 × 10-3 0.59 
200 -3.898 -3.080 -3.489 0.818 1.48 × 10-3 9.58 × 10-4 0.65 
300 -3.943 -3.037 -3.490 0.906 1.18 × 10-3 7.76 × 10-4 0.66 
400 -3.982 -2.997 -3.489 0.985 1.09 × 10-3 6.60 × 10-4 0.60 
500 -4.014 -2.982 -3.498 1.032 9.53 × 10-4 5.98 × 10-4 0.63 
*  peak value was not used in calculations as it was the less negative oxidative peak. 
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4.3 Lithium electrodeposition/electrodissolution at platinum 
and lithium working electrodes in [C3mPyr+][FSI-] based 
electrolytes. 
As a precursor to the cycling of lithium metal batteries this section 
applies repeated plating and stripping of lithium through cyclic voltammetry, 
to probe the effect of the SEI formation on the theoretical reversibility and 
capacity of such a secondary cell. The electrolyte systems have shown to have 
varying degrees of efficiency through calculation of the charge ratio which may 
have an effect leading to capacity fade in a lithium metal secondary cell. 
4.3.1 Lithium electrodeposition/electrodissolution at a 
platinum working electrode. 
Figure 4.3 shows a platinum electrode which has undergone 100 cycles 
in LiFSI/[C3mPyr+][FSI-] (Figure 4.4a) and LiTFSI/[C3mPyr+][FSI-] (Figure 
4.4b). CVs were recorded from -2.0 V to a switching potential of -4.2 V and 
then to -2.0 V using a scan rate of 50 mV s-1. In the case of LiFSI a drastic 
decrease in both reduction and oxidation current was observed for the first 20 
scans. In contrast, a more gradual decrease was observed over the 100 scans in 
the case of LiTFSI looking at the reduction peak potentials. A variation is 
observed for the  value using the LiTFSI salt after an initially minor, shift 
to less negative potentials. In the case of the LiFSI salt electrolyte the  
first appears at ca. -3.80 V which tends positively by up to ca. 0.15 V over the 
first few scans shifting finally at ca. -3.75 V. A similar effect is also observed 
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for the oxidation process, where  shifts only marginally in the case of the 
LiTFSI system from a value of -3.11 V by ca. 0.17 V, however LiFSI tends 
negatively from an initial maximum at ca. -3.05 V shifting by ca. 0.23 V, with 
most of this shift occurring within the first 10 scans. 
 
Figure 4.4 – Cyclic voltammograms recorded for [C3mPyr+][FSI-]containing 0.5 m of (a) LiFSI 
and (b) LiTFSI salt at a Pt electrode showing the first and every tenth cycle at 50 mV s-1. 
  
The LiBF4 system showed instability in the CV response especially throughout 
the reduction region after ca. 30 cycles and only stabilised after ca. 80 cycles 
(Figure 4.5a). The tendency for a negative shift in  is again apparent, from 
ca. -3.18 V to -3.38 V, the  value is noted at ca. -3.76 V in the initial scan 
and shifts to ca. -3.87 V by the 100th scan.  The features of a second oxidation 
peak, discussed in detail in the previous section is again pronounced in the 
cycling of the LiBF4/[C3mPyr+][FSI-] system. Also worth noting is the 
immediate drop in current magnitude of the alloy stripping peak at ca. -2.79 V, 
signifying that SEI formation may inhibit lithium-platinum alloy formation.  
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Figure 4.5 - Cyclic voltammograms recorded for [C3mPyr+][FSI-] containing 0.5 m of (a) LiBF4 
for the first and every tenth cycle and (b) LiAsF6 salt for the first 14 cycles at a Pt electrode at 
50 mV s-1. 
As with the LiBF4 salt the LiAsF6 also becomes unstable after 
ca. 20 cycles and has no definable maximum throughout the reduction region 
of the CV, see inset Figure 4.5b. However, when reviewing the first 14 cycles 
shown in Figure 4.5b, the LiAsF6/[C3mPyr+][FSI-] system also shows an  
value which tends negatively from ca. -3.79 V to -4.09 V whilst the  value 
decreases initially until a switch occurs at ca. -3.88 V. The 
LiAsF6/[C3mPyr+][FSI-] system maintains a stable   of ca. -3.05 V with no 
evidence of instability. This behaviour is not observed in the case of cycling for 
the analogous octahedral LiPF6 salt based system. In fact these analogous 
systems are similar only in the way that both the  and  values drop 
within the first 20 cycles, remaining at lower magnitudes for the entirety of 
the cycles thereafter. 
The CV at a platinum electrode for the LiPF6/[C3mPyr+][FSI-] system is 
shown in Figure 4.6a emphasizing the drop in  and  values over the 
first ten cycles. The  of ca. -3.12 V shifts to lower potentials for the first 10 
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cycles though tends positively to a stable region residing at ca. -3.19 V. Upon 
closer inspection the  is completely indiscernible and the process which 
becomes apparent is the second oxidative process previously masked as a 
shoulder at ca. -3.00 V. Much like the LiAsF6 system there is almost complete 
decay of the oxidation process and very little evidence of Pt-Li alloy formation. 
Unlike in the LiAsF6 system, the electrode continues to cycle effectively 
through the 100 cycles in the LiPF6/[C3mPyr+][FSI-] system. The LiPF6 system 
also shows an  at ca. -3.77 V and for the first ten cycles a second process at 
ca. -4.00 V, which was not observed in any other system. As the  shifts 
towards this region it becomes difficult to discern between the processes for 
the following 90 scans. This LiPF6/[C3mPyr+][FSI-] system provides a CV 
which after ten cycles is completely dominated by the plating and stripping 
onto an already formed SEI rather than the predeposited lithium metal. 
 
Figure 4.6 - Cyclic voltammograms recorded for [C3mPyr+][FSI-] containing LiPF6,(a) first 10 
cycles and (b) every tenth cycle at a Pt electrode at 50 mV s-1. 
 The cyclic voltammograms of all systems are shown in Figure 4.7 
displaying the lowest and highest scan rates of 2 and 500 mV s-1. The systems 
typically show deposition onset potentials at ca. -3.35 V. This is not the case 
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for the electrolyte containing LiPF6 which occurs at a less negative value of ca. 
-3.00 V in the 2mV s-1 scans. The entirety of the scan for this 
LiPF6/[C3mPyr+][FSI-] is shifted positively by the same  ca. 0.35 V. This also 
occurs in the 500 mV s-1 scans having a deposition onset potential of ca. -2.93 V 
whereas the other systems all lay at ca. -3.35 V in line with the respective 500 
mV s-1 scans.  
 
Figure 4.7 – The first cyclic voltammograms at (a) 500 mV s-1 and (b) 2 mV s-1 for all systems 
scanned at a platinum electrode. 
 Interestingly at the low 2 mV s-1 scan rate both the LiTFSI and LiPF6 
systems exhibit a current crossover at ca. 3.50 V and 3.00 V respectively, no 
other scans or systems exhibit this phenomenon commonly attributed to the 
occurrence of a nucleation and growth type mechanism. A chronoamperometry 
study will focus on determining the mechanism of lithium deposition in 
section 4.4. 
4.3.2 Lithium electrodeposition/electrodissolution at a lithium 
working electrode. 
Prior to cycling the masked lithium electrode, a scan rate study was first 
carried out using the LiFSI/[C3mPyr+][FSI-] system (see Figure 4.8a). CVs 
were recorded from -3.0 V to -4.65 V. The deposition onset potential occurs at -
A B 
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3.40 V and the oxidation onset potential occurs at ca. -3.54 V. Scans were 
commenced at a potential where no reaction takes place (ca. -3.50 V) and are 
negative going until the first switching potential is reached at -4.65 V. The 
CVs for Li plating at this electrode display two or more maxima in the 
reduction region at lower scan rates while no defined  is observed at scan 
rates over 200 mV s-1. Interestingly at the 2 mV s-1 scan rate there appears to 
be three processes at -4.05 V, -4.15 V and -4.47 V after the initial  of 
-3.67 V. These additional peaks may represent the deposition of lithium at 
previously electrodeposited lithium sites as well as deposition through an SEI 
layer formed during plating at -3.67 V. The overall shift of  is towards the 
negative potential region as the scan rate is increased, the same conclusion 
cannot be made for the  as no current maximum can be achieved. Since 
 coincides with electrode limits. Thus with the amount of lithium metal 
available a current maximum is never reached in the time scale of the 
experiments. Though there may be errors in current density calculations, the 
overall trend is obvious. The conclusion which can be made regarding the 
reduction region is that of the increasing current proportional to square root of 
the scan rate, shown in Figure 4.8b for the reduction region and recorded in 
Table 4.3. This relationship is indicative of a diffusion controlled process. 
Using a masked lithium metal substrate 100 cycles are performed in 
LiFSI/[C3mPyr+][FSI-], LiTFSI/[C3mPyr+][FSI-] and LiBF4/[C3mPyr+][FSI-] 
systems (Figure 4.9). Figure 4.9a shows the electrochemical window of the 
[C3mPyr+][FSI-] using the Li metal electrode with initially negative (-) and 
positive (+) scans. Scans begin at a potential where no reaction takes place (-
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3.50 V) and are negative going until the first switching potential is reached at 
-4.65 V. The second switching potential occurs at -3.00 V and all subsequent 
scans switch at these two potential limits. 
 
Figure 4.8 - Cyclic voltammograms for the reduction of Li+ to Li0 onto lithium metal from 
LiFSI/[C3mPyr+][FSI-] electrolyte at scan rates of 2, 5, 10, 100, 200 and 500mV s-1 and (b) 
dependence on 
 
vs. .  
Table 4.3 - Cyclic voltammetric data for the electrodeposition of Li+ to Li0 onto Li electrodes. 
 (mV s-1)  (V)  (mV s-1)1/2 (mA cm
-2) (C) 
Electrodeposition of Li+ - Li0 onto lithium from LiFSI/[C3mPyr+][FSI-] electrolyte 
2 -3.671 0.045 5.52 × 10-4 2.76 × 10-1 
5 -3.750 0.071 8.51 × 10-4 1.42 × 10-1 
10 -3.945 0.100 1.23 × 10-3 1.26 × 10-1 
25 -3.977 0.158 2.18 × 10-3 9.13 × 10-1 
50 -4.167 0.224 2.16 × 10-3 4.98 × 10-1 
100 -4.362 0.316 3.21 × 10-3 3.79 × 10-1 
200 -4.457 0.447 4.73 × 10-3 3.12 × 10-1 
300 * * * 2.23 × 10-1 # 
400 * * * 2.13 × 10-1 # 
500 * * * 1.47 × 10-1 # 
* represents no defined peak detected. 
# - determined by integrating the entire reduction region. 
 
Much like the previous scans at the platinum electrode the cycles at 
lithium reveal a decrease in current passed in the reduction region ( ). 
Compared to the platinum electrode study, the systems shown in Figure 4.9 
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also display gradual decreases in current for the first 20 scans in the case of 
the LiFSI yet stable behaviour thereafter (Figure 4.9b), and steadily over the 
entire 100 scans in the case of the LiTFSI with clear indications of instability 
(Figure 4.9c). In both the LiFSI and LiTFSI containing electrolytes an  at 
ca. -4.11 V is observed, though with successive scans (ca. 70) an earlier process 
becomes evident at ca. -3.69 V in the LiFSI system. This process is 
distinguished almost immediately upon cycling in the LiTFSI/[C3mPyr+][FSI-] 
system. Whilst cycling, the lithium surface and the [C3mPyr+][FSI-] are 
reacting chemically thereby forming an SEI in parallel, if reaction pathway 4.1 
is correct (page 133). As an SEI allows the ingress and regress of Li+ ions this 
new peak at more positive potentials may signify that the Li+ ion activity 
through this phase boundary is a more facile process. 
 
Figure 4.9–Cyclic voltammograms for (a) the RTIL [C3mPyr+][FSI-], and RTIL containing 0.5 
m of (b) LiFSI, (c) LiTFSI, and (d) LiBF4, measured at Lithium metal electrode. 
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This earlier process is evident from the very first scan in the LiTFSI 
doped electrolyte and may allude to a faster SEI formation across the available 
lithium electrode area. This peak is not observed when cycling the LiBF4 doped 
electrolyte throughout the entire 100 scans with no distinct . From this 
dataset it can be determined immediately upon comparison of these three 
systems cycled on platinum and lithium electrodes, is that the 
platinum|lithium|SEI becomes unstable judging by the strong signal to noise 
ratio in the later scans, whilst the lithium|lithium|SEI remains stable with 
smooth current responses to voltage over 100 scans. 
The same noise free CVs are shown in Figure 4.10 displaying the LiPF6 
and LiAsF6 systems. As with the LiTFSI system discussed previously the 
LiPF6/[C3mPyr+][FSI-] system displays the early process at ca. -3.58 V  which 
remains for the entire scan without shifting (Figure 4.10a). This behaviour 
suggests that this system also undergoes fast SEI formation chemically upon 
the lithium metal surface. It takes 3 cycles for the peak to manifest as a 
shoulder in the LiAsF6 system (Figure 4.10b) and as a standalone maximum 
after 40 cycles, requiring half the time to appear compared to that of the LiFSI 
electrolyte sample. 
From these observations we may assign an order of stability for the 
Pt|Li|SEI system regarding salt addition during cycling, based upon 
decreasing  values and the cycle numbers achieved prior to noise-signal 
ratio increases as follows LiFSI > LiTFSI > LiBF4 > LiPF6 > LiAsF6. Little 
noise was encountered for the LiFSI and LiTFSI analogous salt systems 
compared to the LiBF4, LiAsF6 and LiPF6 which became either too noisy or 
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provided little current density response. The order of stability for the 
Li|Li|SEI system is LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6,  where there is 
clearly a secondary reduction process which is present in several of the 
electrolyte systems appearing immediately upon cycling in LiTFSI and LiPF6 
electrolytes, and after specific lengths of cycle time based upon the above 
order. It is suggested that the alternate process is attributed to the chemical 
SEI formation which complicates electrodeposition/electrodissolution of 
lithium at a lithium electrode. The data collected in this study at the lithium 
electrode may indicate appropriateness of electrolyte for future cell cycling 
scenarios.. 
 
Figure 4.10 - Cyclic voltammograms for [C3mPyr+][FSI-] containing 0.5 m of (a) LiPF6, (b) 
LiAsF6 measured at Lithium metal electrode. 
 Chronoamperometric studies of lithium electrodeposition from ionic 
liquid electrolytes. 
The raw data received from chronoamperometric measurements is 
analysed using the Hills-Scharifker theory to provide dimensionless data by 
normalising the transients dependant on a time maximum (  ) value. In the 
LiTFSI/[C3mPyr+][FSI-] system, appropriate transients for analysis were 
recorded at four potentials located within close proximity to the deposition 
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onset potential (ca. -3.50 V at 10 mV s-1) which are shown in Figure 4.11b. The 
data when analysed using the theory produced by Scharifker et al. provided a 
best fit to the theoretical limit for instantaneous nucleation and growth.19 
However the transients themselves when overlayed lay outside of the 
instantaneous limit as was observed in Ag electrodeposition from the 
analogous [C4mPyr+][TFSI-] under ‘dry’ conditions.  
Typical I vs. t curves for the LiBF4/[C3mPyr+][FSI-] mixture are shown 
in Figure 4.11c. As expected, albeit with less ‘goodness of fit’ these transients 
lay in the domain of the instantaneous limit, suggesting both the LiBF4 and 
LiTFSI salts in [C3mPyr+][FSI-] are electrodeposited in a smooth layer ideal for 
application in lithium metal battery applications. Of note is the three 
transients representing potentials below -3.59 V, which when applied to the 
theoretical analysis appear odd with a shortened      domain as well as a    
which does not fit either instantaneous or progressive limits. Take note that 
the overall shape of these curves, including the higher       
  still suggests a 
correlation with the instantaneous limit. The reasoning behind this odd 
behaviour lies in the original transients shown in Figure 4.11d where it is 
clearly seen that the    values are at rather large time periods (recorded in 
Table 4.4) which skews all further data manipulation. It appears the theory is 
not suited for use with systems which display rather large    values, as even 
2.0 s is large enough to cause this variance to occur. 
Unfortunately due to the simultaneous SEI and Pt-Li alloy formation, 
only these systems that have been discussed provided transients with clearly 
defined maxima to determine mechanistic properties. The data presented does 
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however suggest that this class of ionic liquids using the pyrrolidinium cation 
and the imide type anion couple provides a medium in which uniform, smooth, 
electrodeposition through the instantaneous nucleation growth type 
mechanism may occur. These results are consistent with work by Bhatt et al. 
who used LiFSI/[C3mPyr+][FSI-] at both Ni and Li electrodes, which 
interestingly also showed evidence of       
  vs.       overlaying above the 
instantaneous limit.5 
 
Figure 4.11 - a) Nondimensional plots of (J/Jm)2 vs. t/tm and b) the electrodeposition of lithium 
from 0.5 m LiTFSI/[C3mPyr+][FSI-] mixture, c) Nondimensional plots of (J/Jm)2 vs. t/tm and (d) 
the electrodeposition of lithium from 0.5 m LiBF4/[C3mPyr+][FSI-] mixture, at a platinum 
electrode using various static potentials. Overlayed are the theoretical curves representing 
Instantaneous ( – ) and Progressive ( – ) nucleation and growth type limits.  
Besides the classification of mechanism type, the Hills-Scharifker theory 
can also be utilised to obtain further data (discussed in Chapter 3) including 
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the diffusion coefficient,  , and  number of nuclei which have been formed at 
the surface,  , which are shown in Table 4.4. The diffusion coefficients 
calculated are in close agreement with values found in the literature.5,20 
However there is a difference between the diffusion coefficients for the LiTFSI 
and LiBF4 electrolyte systems of the order of one magnitude. This is expected 
as the lithium salts in solution are different species, and suggests these 
systems may deposit and affect SEI formation in alternate pathways. 
Table 4.4 - Chronoamperometric data obtained for the reduction of Li+ to Li metal onto 
platinum metal electrodes. 
 (V) Mechanism  (s)  (A cm-2)  (Scharifker)  (Guwardena)  (cm2 s-1) 
0.5 m LiTFSI/[C3mPyr+][FSI-]  
-3.66 Instantaneous 2.35 -1.9 × 10-2 9.67 × 105 1.66 × 105 1.2 × 10-6 
-3.68 Instantaneous 2.41 -1.9 × 10-2 8.66 × 105 1.49 × 105 1.3 × 10-6 
-3.78 Instantaneous 0.97 -3.6 × 10-2 1.51 × 106 2.60 × 105 1.9 × 10-6 
-3.80 Instantaneous 0.79 -4.2 × 10-2 1.71 × 106 2.95 × 105 2.0 × 10-6 
0.5 m LiBF4/[C3mPyr+][FSI-]  
-3.54 Instantaneous 10.16 4.3 × 10-3 9.64 × 106 1.66 × 105 2.8 × 10-7 
-3.56 Instantaneous 4.49 6.7 × 10-3 2.03 × 106 3.49 × 105 3.0 × 10-7 
-3.58 Instantaneous 2.82 8.8 × 10-3 3.01 × 106 5.18 × 105 3.2 × 10-7 
-3.60 Instantaneous 1.76 1.2 × 10-2 4.13 × 106 7.10 × 106 3.7 × 10-7 
-3.62 Instantaneous 1.13 1.5 × 10-2 6.58 × 106 1.13 × 106 3.6 × 10-7 
When making a comparison between N calculated via Hills-Scharifker 
theory and that posed by Guwardena, the values are in close agreement. Slight 
increases in nucleation number are obtained whilst stepping negative from 
  
     In comparison to N values recorded for Ag, specifically the ‘dry’ AgOTf 
system, these values are much lower, an order of ca. 4 magnitudes, which may 
be characteristic of SEI formation. 
stepE mt mJ N N D
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4.4 Conclusions. 
This chapter demonstrated lithium metal electrodeposition from the 
room temperature ionic liquid N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide, [C3mPyr+][FSI-], containing various salts at a 
concentration of 0.5 m at both polished platinum and lithium electrodes. The 
cyclic voltammograms for each system at a platinum electrode suggested 
several processes occurring exhibiting 3 discernible oxidation peaks and a 
single   
   . It is suggested the oxidation peaks refer to the lithium stripping 
from the platinum electrode, through a SEI or Pt/Li alloy which may coincide 
on the electrode surface. All systems display a   
   
 proportional to the  
 
 
 ⁄  with a non-zero intercept which implies a quasi-reversible 
electrochemistry. The coulombic efficiency for these systems follow the order 
LiFSI > LiTFSI > LiBF4 > LiPF6 > LiAsF6 with respect to the Li salt. 
Noteworthy is that the addition of these salts has a large effect on the 
electrochemistry of lithium electrodeposition and stripping even at low 
concentrations. 
The LiPF6/[C3mPyr][FSI] system consistently provided different results 
when compared to the other systems including the most facile lithium 
electrodeposition with a more positive onset potential of ca. 0.35 V. The 
LiPF6/[C3mPyr+][FSI-] system when scanned at lower scan rates provided a CV 
where   
  
 switched to the less negative peak, highlighting the fast rate in 
which SEI products can form on a newly deposited lithium metal layer. This 
feature is included in the LiTFSI doped system which also provides a 
pronounced second oxidation peak process. Another feature shared by these 
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two systems is the crossover current observed at slow scan rates at a platinum 
electrode, alluding to a nucleation and growth type mechanism occurring for 
lithium electrodeposition. 
When repeatedly cycling a platinum electrode in the 
LiPF6/[C3mPyr+][FSI-] system, two distinct reduction processes as early as the 
third scan until the tenth scan were observed, a point where  
  
     tends negative enough to mask the second process from view, which was 
unseen in all other systems. With the addition of LiBF4 or LiTFSI salts to the 
RTIL [C3mPyr+][FSI-], the CVs recorded at a platinum electrode provided noisy 
current responses during repeated cycling experiments, generally after ca. 50 
cycles had been performed. 
When cycling at the lithium electrode, the LiFSI/[C3mPyr+][FSI-] system 
provided a CV with four peaks at the slowest scan rate of 2 mV s-1. It is 
proposed that these peaks refer to lithium deposition through a complex SEI 
structure which has been allowed time to form, as well as to the polished 
lithium though only at slow scan rates. The LiFSI/[C3mPyr][FSI] system  
  
   
 values do adhere to a dependence to the square root of the scan rate with a 
near zero intercept in the current axis. 
No appreciable noise was observed in the repeated cycling of each 
system when cycled at a polished lithium electrode. None of the systems 
provided a well-defined   
  . In regards to the deposition region, the CV for the 
LiBF4 doped electrolyte did not reveal a  
  
   , whilst the LiPF6 and LiTFSI doped electrolytes revealed peaks at less 
negative potentials (ca. -3.58  and -3.69 V respectively) which persisted 
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throughout the entire experiment. If the postulated mechanism of facile 
lithium deposition through an SEI is correct, this peak may be evidence of the 
process taking place. Importantly, an SEI will always form at a lithium foil 
due to the inherent thermodynamic instability of the metal, therefore at longer 
time spans this second peak is observed manifesting as a shoulder, or 
independent peak, in all other systems measured. 
In summary it has been shown that a lithium electrode can be cycled 
efficiently in the systems covered in this chapter in a quasi-reversible manner 
in the order of stability of LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6. The LiPF6 
provides the most facile lithium deposition and stripping process whilst the 
LiBF4 doped electrolyte demonstrated the most coulombic efficiency of these 
systems. Evidence of a nucleation and growth type mechanism was observed 
from CV measurements for the LiTFSI and LiPF6 electrolytes although due to 
the nature of the experiment conclusive results are difficult to ascertain to 
further establish the credibility of this postulation. 
The chronoamperometric data did not provide a lot of usable data with 
several systems as three of the systems did not provide transients which are 
eligible for theoretical analysis via Hills-Scharifker theory. What was obtained 
in the LiBF4 and LiTFSI systems did strengthen the hypothesis that this class 
of RTIL may be suitable for the application in lithium metal battery 
applications due to the favourable instantaneous nucleation and growth type 
mechanism which provides a smooth lithium deposition which makes cycling 
facile as well as safe. Further analysis of the data provided diffusion 
coefficients in line with the current literature as well as the number of nuclei 
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deposited which is in close agreement when calculated using two separate 
theories. 
All throughout this chapter SEI formation via both chemical and 
electrochemical pathways has made it difficult to interpret results. Therefore a 
study into the mechanism of SEI formation in the absence of an applied 
potential will be carried out in Chapter V order to understand how this phase 
affects each system and to simplify this problem. Crucially, the ability to 
prepare lithium symmetrical cells using these salts seems possible, which may 
shed light on explaining the differences and similarities measured between 
these salts as well as help to predict which electrolytes are appreciable for 
battery applications. 
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Chapter V 
 
A mechanism for the chemically 
formed SEI upon lithium metal 
interaction with ionic liquid 
electrolytes. 
5 A mechanism for the chemically formed SEI upon 
lithium metal interaction with ionic liquid 
electrolytes 
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5.1 Introduction and aims. 
The SEI formed in lithium metal batteries is essential to its operation as 
without it the thermodynamically unstable lithium metal would continue to 
react with electrolyte components until either species is exhausted. The SEI 
thus dictates the efficiency and cyclability of the cell, and will behave 
according to the preparation of the cell and its components.1 Whilst lithium-ion 
battery technology has become commercially dominant, studies have continued 
in the areas of SEI formation of lithium metal during cycling, and prior to 
cycling of secondary cells.2 The commercial carbonate electrolytes found in Li-
ion technologies have been studied at Li0 metal, and a commonality between 
these studies is the detection of dendritic formation during cycling which are 
detrimental to cell cyclability, especially concerning safety.3,4 The literature is 
abundant with studies concerning the effects of a variety of solvents,5-13 salt 
inclusion,7,14-19 and electrolyte mixtures20-24 for the SEI formed at open circuit 
potential. However the amount of knowledge pertaining to the SEI formed at a 
lithium electrode is relatively small when concerning RTIL solvents. 
Research into SEI formation is currently increasing as the beneficial 
properties of a variety of RTILs are being realised, including the negligible 
vapour pressure, wide electrochemical window, and thermal stability. These 
favourable properties are advantageous for manufacturers, as extra capital is 
not required to install safety protocols and peripheral attachments to cells in 
order to prevent short circuit and thermal runaway.4 Research into the 
application of a variety of RTILs to be used as electrolytes in lithium metal 
batteries include, imidazolium cation based RTILs using 
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bis(trifluoromethanesulfonyl)imide [TFSI]- anion,25 pyrrolidinium paired with 
the bis(fluorosulfonyl)imide anion [FSI]-,26-29 and [TFSI]-,28,30 morpholinium 
cation paired to [FSI]-,31 as well as piperidinium based RTILs using the [FSI]-
,31 and [TFSI]-,32 Particularly the [FSI]- and [TFSI]- anions are paired with 
RTIL cations due to their superior conductivity and their ability to extend the 
electrochemical window to facilitate reversible Li+/Li0 deposition without 
decomposition.29,33 
An understanding of the interaction between RTILs and lithium metal 
is therefore highly important.34 In this chapter the composition and 
morphology of the SEI formed in RTIL electrolytes will be characterised. 
Whilst the SEI formed using RTIL based electrolytes allow the repetitive 
plating and stripping of lithium there is still not sufficient data regarding its 
composition.29,33,35 As noted previously in Chapter IV, SEI formation via a 
chemical reaction is taking place at a lithium metal surface immersed in neat 
[C3mPyr+][FSI-] ionic liquid as well as mixtures including lithium salts. An 
understanding of the SEI will assist researchers to tailor electrolytes for 
lithium metal battery applications. 
5.2 Characterisation of the lithium metal surface and the neat 
[C3mPyr+][FSI-] ionic liquid electrolyte. 
In order to investigate the chemically formed SEI at a lithium anode it 
is first necessary to gain an understanding of the lithium surface in its pristine 
condition as well as characterise the neat [C3mPyr+][FSI-] ionic liquid which 
will act as supporting electrolyte in this study. These are the two baseline 
materials used throughout this chapter. Micrograph images recorded via SEM, 
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shown in Figure 5.1, clearly show that the native lithium surface remains 
rough despite the vigorous washing and polishing process (section 2.4.1, page 
71), this morphology is consistent with the literature for untreated lithium.22 
 
 
Figure 5.1 - SEM images of pristine lithium metal after cleaning with dried hexane. All scale 
bars correspond to 20 µm. 
 
Pitting is clearly seen in Figure 5.1b, which is unavoidable, as the 
washing and polishing step will not remove defect sites from the entire lithium 
surface. The purpose of the washing method is to remove organics such as oils 
and additives used in the metal foil rolling processes by the manufacturer, and 
oxides which may form from trace O2 in the glovebox. This prevents 
superfluous chemical reaction of the surface with the ionic liquid electrolyte 
[C3mPyr+][FSI-]. Unavoidably, fracturing of the lithium surface is also detected 
and preferably should be absent as such defect sites where large grain 
boundaries reside can act as active sites for dendritic growth and therefore 
may cause the short circuiting of a cell during cycling.4,17 The washing step is 
in keeping with standard procedure for industry and other researchers in the 
field.31,36 The depth of these pits can be noticed when viewed from ca. 90º angle 
shown in Figure 5.2. It is these deep pits, such as the case shown in Figure 
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5.2b, which the washing step is incapable of negating and remain during the 
experiment. The washing step is observed to only affect the first few surface 
layers of the lithium metal less than 5 µm in depth avoiding any undesirable 
changes to the bulk lithium.  
 
 
Figure 5.2 - SEM images from a ca. 90º angle of pristine metal after washing with dried 
hexane. Scale bars correspond to 50 µm. ‡ 
  
The diffraction pattern for the lithium metal is shown in Figure 5.3 
where all typical peaks except that regarding the lithium plane of Li (3,1,0) at 
88.526° 2θ were observed, see Table 5.4 for a comprehensive list of 2θ and hkl 
values. It should be noted that the General area detector diffraction system 
(GADDS) focuses on a single point  (50 µm slit size) and so does not reveal 
information as an average of a larger spot size common in conventional x-ray 
powder diffraction (XRD) (1 mm slit size). Given that lithium is highly reactive 
towards air and moisture, conventional XRD could not be carried out and 
hence GADDS was required to provide diffraction patterns in this study 
(see section 2.4.5, page 74). As the passage of x-rays through thin lithium foils 
is possible due to the sparse density of the material an appropriate backing 
material was required. Quartz peaks do not interfere with those of lithium, 
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hence, the choice to use a single crystal of quartz as the background material 
rather than an aluminium plate which is common in x-ray diffraction analysis 
techniques was made. It should be noted that the quartz pattern is negligible 
in the pristine lithium diffraction pattern. 
 
Figure 5.3 - X-ray diffraction patterns of a quartz substrate and lithium metal. * used to 
signify peaks concerning quartz substrate.† 
 When analysing the pristine lithium surface via XPS it was revealed 
that the lithium surface was in fact contaminated with some impurities as can 
be seen in Figure 5.4 and are listed in Table 5.1. The Li 1s peak for pristine Li 
was situated at 54.73 eV which is near values previously assigned as 
LiOH/LiCO3.5,30 The C 1s and O 1s spectra also provide evidence of a 
LiOH/LiCO3 impurity with peaks observed at 288.78 eV (carbon in carbonate) 
and 531.65 eV (LiOH/LiCO3) respectively.5 Due to the conditions of the XPS 
sample introduction (section 2.4.6, page 75) it is entirely possible that these 
impurities are simply a product of sample handling outside of the ultrahigh 
purity glovebox rather than a native species. The presence of a LiF species can 
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be supported by a peak associated to F 1s at 684.88 eV as well as GADDS data 
presented in Table 5.4.21 A species with higher electronegativity is present on 
the lithium surface as suggested by the peak at 687.16 eV thought to be a 
fluorocarbon.30 This is supported by a trace fluoride content determined by ion 
selective electrode after lithium metal digestion, measured against a 
calibration graph.  
With this information, it can be assumed that the native lithium surface 
is a layered morphology with LiOH, LiF and possibly LiCO3 impurities at the 
surface whilst pure Li0 metal resides some layers beneath in the bulk 
phase.5,17-19,30 The large pitting that is observed in SEM micrographs, Figure 
5.1b and Figure 5.2b, may allow ingress of electrolyte to the lower Li0 phase, a 
postulation that was identified in work by Kanamura et al. when the 
electrolyte met certain conditions.5,15 These conditions being that the solvent 
has a low viscosity and low surface tension. In general, in the case of ionic 
liquids, the viscosities are a magnitude greater than conventional carbonate 
based electrolyte systems which were used in the study, ca. 52.7 cP and 1.85 at 
25°C respectively. 
 
Table 5.1 – Summary of XPS data and assignments for the lithium sample. 
Element Peak position / eV Assignment 
Pristine lithium foil (hexane polished) 
Li (1s) 54.73 LiF, LiOH, Li2CO3 & Li0 
F (1s) 684.88 
687.16 
LiF (or FC) 
LiF (crys) 
O (1s) 531.65 LiOH 
C (1s) 288.78 FC 
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Figure 5.4 - XPS of the pristine lithium surface after washing with hexane. 
  
In regards to the characterisation of the [C3mPyr+][FSI-]  ionic liquid, 
displayed in Figure 5.5, full data on the spectral features remain limited. Lifei 
et al. have however reported theoretical and experimental values for the LiFSI 
salt and [FSI]- anion which are used to assist in the assignment of vibrational 
modes in the FTIR spectrum for the neat ionic liquid shown in Figure 5.6.37,38 
Importantly, data referring to the [FSI]- homologue, the [TFSI]- anion, has 
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been established in the literature39,40 and has also been utilised in 
assignments, especially in cases when a pyrrolidinium type cation is present.30 
Due to the similarities this data is used tentatively in assignments. The FTIR 
spectrum is shown over the range 1500 cm-1 to 550 cm-1, extra information is 
present at ca. 3000 cm-1 though it is not shown in Figure 5.6 for the sake of 
clarity. 
  
Figure 5.5 - Structure of the room temperature ionic liquid. 
 
Figure 5.6 - FTIR spectrum for the neat [C3mPyr+][FSI-] ionic liquid. 
 
Table 5.2 lists assignments for all frequencies associated with the 
[C3mPyr+][FSI-] FTIR spectrum including their vibrational modes and the 
literature that was used as a reference. 
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Table 5.2 - Assignment for the FTIR spectrum data for neat [C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
νSF, νN-C 566 (vs.) 30, 41 
νaSF 642 (w) 37 
δSNS 730 (s.br.) 37 
νSNS 744 (sh) 30, 40 
ρCH2 Ring mode 827 (s) 39 
Ring mode 886 (w) 30, 39 
Ring mode 905 (w) 30, 39 
Ring mode 939 (m) 30, 39 
Ring mode 970 (w) 30, 39 
Ring mode 1002 (w) 30, 39 
νaSNS 1051 (vw.) 30, 37, 39 
νaSO2-N-SO2 1101 (s) 30, 37, 39 
νSO2-N-SO2 1171 (vs.) 30, 37, 39 
ρCH2 1216 (m) 30 
ωCH2 1263 (vw.) 30 
τCH2 1307 (vw.) 30 
νaSO2 (o.p.) 1360 (s) 30, 37 
νSO2 (i.p.) 1377 (s) 30, 37 
δCH2 1433 (w) 30, 39 
νCH2 νCH3 1471 (m) 30, 41 
νCH2 2888 (w) 30, 38, 39 
νCH2 2946 (w) 30, 38, 39 43 
νCH2 2984 (w) 30, 39 
w = weak, m = medium, s = strong, v = very, br = broad, sh = shoulder. 
ν = stretching, δ = bending, τ = twisting, ω = wagging, ρ = rocking. 
a = asymmetry, s = symmetry. 
   
5.2.1 Characterisation of [C3mPyr+][FSI-] ionic liquid 
electrolytes. 
With the FTIR spectrum of neat [C3mPyr+][FSI-] completely assigned, 
0.5 m of each of the lithium salts used in Chapter IV was added to the RTIL 
and  the spectrum was recorded in order to discern any affects or trends the 
salt may have on the spectral bands. Shown in Figure 5.7 are the five mixed 
electrolyte systems overlayed, as well as the neat [C3mPyr+][FSI-] for the 
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purpose of simple comparison. Immediately the LiTFSI based electrolyte is 
visibly the most dissimilar with several new peaks arising. These peaks 
attributing towards the [TFSI]- anion fit well with the literature values30 and 
are listed in Table 5.3. In particular a weak band is always present in each 
electrolyte that resides at ca. 590 cm-1 and may be attributed to Li+ interaction 
with the oxygen atoms available at the associated anion of the RTIL 
[C3mPyr+][FSI-].44 
Several new peaks and shoulders are present in the spectrum of 
LiFSI/[C3mPyr+][FSI-] and are fitted according to the work previously 
discussed by Lifei et al.37 The LiBF4/[C3mPyr+][FSI-] electrolyte slightly alters 
the spectrum, although on producing a difference spectrum 
(LiBF4/[C3mPyr+][FSI-] spectrum - neat [C3mPyr+][FSI-] spectrum) a change is 
highlighted for the band at 1060 cm-1 and 589 cm-1 representing B-F stretching 
and BF4 respectively.11,45 The band at ca. 589 cm-1 may also be attributed to 
the Li+ ion interacting with the [FSI]- anion.7,11,44,46,47 
The LiPF6/[C3mPyr+][FSI-] spectrum adds four shoulders to the neat 
[C3mPyr+][FSI-] spectrum representing the symmetrical (560 cm-1) and 
asymmetrical (592 cm-1) stretching for the P-F6 bond, as well as the stretch of 
Li-F-PF5 at 845 cm-1. 
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Figure 5.7 - FTIR spectra for the neat ionic liquid [C3mPyr+][FSI-] and each 0.5 m lithium salt  
electrolyte. 
 
Figure 5.8 - FTIR spectra highlighting the similarities in the neat [C3mPyr+][FSI-] and 
electrolyte systems. 
The LiAsF6/[C3mPyr+][FSI-] electrolyte spectrum also exhibits a change 
from the neat case in the region below 800 cm-1. The strong band at ca. 
740 cm-1 is now complicated with the introduction of a characteristic peak for 
the stretching of Li-F-AsF5 at 698 cm-1,8 and the remaining shoulder (now a 
standalone band) at 743 cm-1 represents the stretching mode of an SNS 
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species. The peak at 592 cm-1 is once again attributed to the Li+ ion interaction 
with the RTIL anion. Each electrolyte exhibited bands at ca. 2900 - 3000 cm-1 
representing CH2 stretching, shown in Figure 5.8 comparable to the neat 
[C3mPyr+][FSI-].  
The differences observed in CV and CA measurements in Chapter IV 
may be related to the speciation differences detected here in FTIR spectra. The 
electrochemical behaviour of platinum and lithium metal electrodes cycled in 
these RTIL electrolytes was highly dependent upon salt inclusion. 
Table 5.3 – Assignment for FTIR spectrum data of [C3mPyr+][FSI-] based electrolytes 
Assignment Frequency (cm-1) Reference(s) 
LiFSI/[C3mPyr+][FSI-] 
νLi-O-SO-N~ 592 (m.sh) 37, 44 
νaSF (salt) 778 (m.sh) 37, 44 
νSF (salt) 856 (w.sh) 37, 44 
νLiSO2 1120 (vw) 37, 44 
LiTFSI/[C3mPyr+][FSI-] 
δaCF3, νLi-O-SO-N~ 592 (w.sh.) 30, 37, 44 
δaSO2 617 (w) 30, 40 
δSNS 656 (vw.) 30, 40 
νaSNS 1060 (m) 30, 40 
νsSO2 1138 (w) 30, 40, 14 
νsSO2 1190 (vw.sh) 30, 40, 14 
νsCF3 1234 (vw.sh) 30, 40, 14 
νsSO2 (o.p.) 1331 (w.sh) 30, 40, 46 
νsSO2 (i.p.) 1350 (m.sh) 30, 40, 46 
LiBF4/[C3mPyr+][FSI-] 
νBF4 589 (vw)48 45, 48 
νB-F 1060 (vw) 11 
LiPF6/[C3mPyr+][FSI-] 
νPF6 560 (s.sh) 11, 44, 47 
νLi-O-SO-N~ 592 (m) 37, 40 
νLi-F-PF5 845 (s.sh) 18, 24, 47 
LiAsF6/[C3mPyr+][FSI-] 
νLi-O-SO-N~ 592 (w.sh) 37, 44 
νAs-F 698 (s) 7, 8, 9, 24 
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5.3 Characterisation of the lithium metal interaction with 
neat [C3mPyr+][FSI-] ionic liquid. 
It was suggested in Chapter IV that immersion of Li metal into the 
RTIL [C3mPyr+][FSI-] resulted in the chemical formation of a passivating layer 
that influenced the Li+/0 REDOX processes. In order to prove its formation and 
to ascertain what influences the formation of this chemically formed 
passivating layer, referred to as solid-electrolyte interphase in the context of 
battery electrodes, the reaction between the electrolytes in Section 5.2.1 at 
polished Li foils was studied. 
The chemical SEI formed on a pristine lithium surface was first 
investigated by immersing lithium in neat [C3mPyr+][FSI-] for up to an 18 day 
period and observing the chemical reaction ex situ at various time periods, a 
flowchart of this protocol is shown in Figure 5.9. Figure 5.10 shows SEM 
images of the modified lithium surface after interaction with the 
[C3mPyr+][FSI-] ionic liquid after 4 hours, 7 days, 12 days and 18 days. In 
contrast to the pristine lithium surface (shown in Figure 5.1) the interaction 
after 4 hours smooths the surface, in particular at the grain boundaries noted 
earlier (page 161), signifying immediate reaction between the surface and the 
ionic liquid. Sufficient time for reaction to take place over the entire lithium 
foil surface has not yet occurred and areas of the unaffected lithium are also 
visible, where notably defect sites are minimal. 
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Figure 5.9 - Protocol for preparing lithium metal foils, encouraging SEI formation, and 
subsequent data analysis. 
  
After 7 days, the entire Li surface has reacted with the RTIL. Sites of pitting 
are also apparent in the inset in Figure 5.10b, which are ca. 1 – 2 µm in 
diameter. This pitting may be attributed to the corrosion of the surface by 
[C3mPyr+][FSI-] moieties. A stark difference is observed after 12 days of 
surface-RTIL interaction where the formation of coral like structures is 
observed over the surface particularly at grain boundaries. At this time point, 
the morphology which was present at the 7 day period is entirely absent from 
view. Also, areas where residual RTIL remained have now given way to coral 
like structures. The surface is now rough in comparison to the earlier time 
periods with clear indication of continued corrosion after the 7 day period 
where it was first noticed. 
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This process does not seem to continue when viewing the SEM images 
for the 18 day period samples. An unusually smooth surface comparable to the 
samples after 4 hours of surface-RTIL interaction is observed. Evidence of the 
corrosion process present before this time point are not observed, coupled with 
deposits in the size range of 1 – 3 µm populating the entire surface, 
highlighted in Figure 5.10d inset. This smoothing step between the 12th and 
18th day of surface-RTIL interaction occurs over the entire surface indicative of 
a highly dynamic corrosion-crystallisation type process taking place. This 
smoothing process is one that is seen with all [C3mPyr+][FSI-] based 
electrolytes throughout this study. 
 
 
Figure 5.10 - SEM micrographs with magnified inset of a lithium surface after interaction 
with [C3mPyr+][FSI-] for: (a) 4 hours (b) 7 days (c) 12 days (d) 18 days. Scale bars correspond to 
50 µm (inset scale bar: 10 µm). † 
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 With evidence of different structured growths at the various stages of 
surface-RTIL interaction the analysis via GADDS was carried out to determine 
whether these species present at the surface are crystalline in nature. The 
diffraction patterns of pristine lithium (and quartz previously shown in Figure 
5.3 is used for comparison) and the patterns of the surface-RTIL interaction 
over the four time periods is shown in Figure 5.11. All relevant diffraction 
pattern data is listed in Table 5.4, and data obtained show that most of the 
reaction products between the surface and RTIL are amorphous. After 4 hours 
interaction the diffraction pattern reveals the (2,1,1) crystal plane at 2θ = 65° 
and only a very weak reflection for (3,1,0) crystal plane at 2θ = 88°. As the 
(2,1,1) peak remains it may be an indication of the specificity for the chemical 
reaction to occur along particular crystalline planes. A factor which has a 
strong bearing on the peak strengths in the diffraction patterns is the 
intensity and the incident angle of the x-ray beam. To properly illustrate this 
effect, attention is focused on the 12 day diffraction pattern where the 
intensity is the highest while penetration through to the quartz substrate also 
occurs. This is a common effect in x-ray diffraction techniques due to two 
scenarios: (i) the GADDS technique has a limited analysis window of 50 µm 
width, relatively small in comparison to powder XRD techniques; (ii) the 
sample was not rotated during measurement. For the purpose of this analysis 
for crystalline species on the lithium surface these conditions were negligible. 
 Lithium fluoride (LiF) was the only other crystalline species which was 
detected at the 12 day time period. This is a typical SEI species noted by many 
in the literature30,49-51 although generally not detected directly in RTIL treated 
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lithium samples. This is the first direct detection to date rather than via 
compositional analyses (usually XPS).26 
 
Figure 5.11 – GADDS diffraction patterns for the pristine lithium metal treated with neat 
[C3mPyr+][FSI-].† 
 The GADDS analysis demonstrates that the majority of the surface 
after RTIL exposure consists of amorphous breakdown products, which can be 
concluded from the fact that the peaks associated with Li planes at 2θ = 36.4° , 
52.4°, 65.5° and 77.3° for  (1,1,0), (2,0,0), (2,1,1) and (2,2,0) respectively, 
decrease in intensity over the period of surface-RTIL exposure. As mentioned 
previously LiF peaks emerge at 2θ = 44.7° and 78.2° assigned to the (2,0,0) and 
(3,1,1) planes. 
Table 5.4 - 2θ and corresponding hkl values for lithium and lithium fluoride crystal planes as 
well as observed 2θ and hkl values for custom quartz substrate backing material. † 
quartz substrate (*) pristine lithium (Li) lithium fluoride (LiF) 
2θ (deg) hkl 2θ (deg) hkl 2θ (deg) hkl 
39.599 [1,0,2] 36.365 [1,1,0] 38.461 [1,1,1] 
55.027 [2,0,2] 52.355 [2,0,0] 44.709 [2,0,0] 
68.512 [3,0,1] 65.512 [2,1,1] 65.123 [2,2,0] 
80.131 [2,1,3] 77.271 [2,2,0] 78.241 [3,1,1] 
87.665 - 88.526 [3,1,0] 82.471 [2,2,2] 
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The GADDS patterns for the surface-RTIL interaction are in line with 
the outcomes from previous studies with the homologue [C4mPyr+][TFSI-] 
under potential bias.30,52 Importantly, this finding for the crystalline LiF 
species after chemical interaction between the lithium surface and the 
[C3mPyr+][FSI-] ionic liquid is in line with work carried out by Budi et al. In 
that work ab-initio molecular dynamics (aMD) were carried out to determine 
the breakdown chemical reactions and behaviour of two cation/anion pairs of 
the neat RTIL placed near a bulk lithium metal slab.26 
Budi et al. observed an immediate cleavage of the fluorine atoms from 
the FSI- anion with subsequent breakdown of the anion to various sulphur 
species. Via this reaction pathway the lithium surface interacts with the 
fluorine to form LiF (and Li2F) as well as Li2O (and LiO) which was due to the 
instability of the •NSO2 radical and release of oxygen towards the reductive 
lithium slab. Although no evidence of crystalline lithium oxide was present in 
the diffraction patterns, such a species may well be amorphous in nature and 
detectable by other characterisation techniques. 
Shown in Figure 5.12 are the time dependant FTIR spectra measured 
for the lithium surface as well as spectra for the pristine lithium metal and 
neat IL. Immediately noticeable is that the bands in the treated samples share 
the same pattern with those of the neat IL, suggesting that these bands arise 
from RTIL which is retained by the lithium surface and should be treated as a 
portion of the SEI. This has been observed previously in the SEI formation 
using RTIL electrolyte and is in close agreement with the work of other 
researchers.30,53 These bands assigned as residual RTIL are at greatly reduced 
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intensity allowing features of the lithium metal, such as the broad bands at ca. 
640 and 1509 cm-1 to also be observed. 
Shifting attention to the [C3mPyr]+ cation bands, the bands referring to 
the ring modes of the pyrrolidinium moiety (886, 905, 939, 970, 1002 cm-1) are 
barely observable when compared to the neat RTIL spectrum. In regards to the 
following time periods for the surface-RTIL exposure, band intensity in this 
region differs only slightly. This suggests that the cation is reacting 
immediately after exposure with the lithium metal, a point which raises 
contention in the study by Budi et al. where no cation reaction was detected 
through aMD simulation.26 The authors note however that this result may be 
explained by three reasons agreed with in this study: (i) the aMD simulation is 
only showing one possible breakdown pathway rather than a combination 
which may be detected at longer time periods using FTIR; (ii) the time scale of 
the simulation (ca. 694 fs) isn’t long enough to allow cation reaction with the Li 
surface to occur; (iii) the simulation only considers two RTIL pairs, which 
avoids scenarios of steric hindrance in a bulk IL, in this case impractically 
allowing the cation to drift away from the Li slab.26 Additionally, bands 
assigned to CH2 vibrations at ca. 827 and 1216 cm-1 (bending) and 1263 cm-1 
(rocking) shift over time to more positive values indicative of their role as a 
site of reaction.26 The decrease in ring mode intensity and the shifting of the 
CH2 vibrational modes are evidence of a complete cation breakdown, which has 
been seen previously in the literature for the [C4mPyr+] cation during cathodic 
polarisation.38,53 
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Figure 5.12 – ex situ FTIR spectra after chemical interaction of a lithium surface with the 
neat ionic liquid [C3mPyr+][FSI-] over several time periods. † 
 
Recent literature includes work which concludes that the quaternary 
ammonium cations, when used in ionic liquids as electrolytes during cycling, 
can in the presence of a Li metal substrate undergo reduction. This reduction 
takes place via a Hofmann β-elimination mechanism, described in Figure 
5.13.38,53,54 The reduction takes place by an initial one electron step, available 
from the lithium, resulting in removal of an alkyl carbon radical and 
subsequent formation of a tertiary amine.38,53 Upon interaction of the RTIL 
with lithium metal the lithium metal may be oxidised to provide an electron to 
initialise the reaction.  
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A second electron provided by the lithium can convert the alkyl radical 
to a carbanion which in turn interacts with another pristine quaternary 
ammonium cation at a β-carbon hydrogen via the Hofmann elimination 
process. The products of this elimination are the tertiary amine, 
methylpyrrolidine, with the expulsion of an alkene, plus, an alkane converted 
from the carbanion. 
This process can lead to three separate pathways, the first of which is 
the most favourable described above and shown in Figure 5.13. Shown in 
Figure 5.14 are the two alternative and less favourable decomposition 
processes to form the radical at different positions about the quaternary 
ammonium via the same mechanism; (i) the decomposition of the cation to a 
butylpropylmethylamine radical via a ring opening mechanism with the 
unpaired electron on one of the butyl groups; (ii) the lowest probability 
pathway where the decomposition leads to formation of propylpyrrolidine and 
a methyl radical occurs.38,54 With these alternate radicals present the same 
premise for β-elimination may occur with a pristine [C3mPyr]+ cation. 
According to the Hofmann rule the carbanion deprotonates a β-carbon 
hydrogen in preference CH3 > CH2 > CH. As the [C3mPyr]+ cation lacks a β-
CH3 a mix of products is possible due to the various β-CH2 sites that are 
available for proton extraction. 
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Figure 5.13 - Reduction pathway of a cation [C3mPyr]+. (i) one-electron reduction of a 
quaternary ammonium to form a tertiary amine and alkyl radical, (ii) reduction of the radical 
to a carbanion, (iii) the carbanion (bronsted base) accepts a [C3mPyr]+ beta proton via 
Hofmann elimination to yield a tertiary amine, ejected alkene and carbanion converted alkane. 
Figure 5.14 - Alternate pathways for [C3mPyr]+ reduction via (i) a ring opening mechanism 
yielding butylpropylmethylamine and (ii) alkyl reduction producing the methyl radical. 
 182 
Table 5.5 - Assignment for the FTIR spectrum for Li after interaction with [C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days 18 days  
νN-C, δsSO2 577 (s) 581 (s) 578 (s) 581 (s) 30, 37 
νSF, νLiF 
 
642 (w.br) 644 (w.br) 626 (w.br) 26, 37 
δSNS 730 (sh)  723 (sh)  37 
νSNS 752 (m) 760 (m) 759 (m) 755 (w) 30, 40 
δLi-SNS 
 
  794 (w) 37 
ρCH2, Ring mode 833 (m) 843 (m) 835 (m) 832 (m) 39 
Ring mode 885 (w) 881 (w) 882 (w) 889 (sh) 30, 39 
Ring mode 905 (w)  909 (w) 916 (w) 30, 39 
Ring mode 939 (m) 940 (w) 941 (w) 941 (w) 30, 39 
Ring mode 971 (w) 972 (w) 969 (w) 969 (m) 30, 39 
Ring mode 1003 (w) 1006 (m) 1002 (m) 1005 (w) 30, 39 
νaSNS 1042 (w) 1061 (w) 1067 (w) 1066 (w) 30, 37, 40 
νaSO2-N-SO2 1106 (m) 1107 (m) 1112 (m) 1108 (m) 30, 37, 40 
νSO2-N-SO2 1188 (v s) 1193 (vs) 1189 (vs) 1185 (vs) 30, 37, 40 
ρCH2 1218 (m) 1218 (s) 1219 (m) 1218 (m) 39 
ωCH2 1260 (vw) 1258 (w.sh) 1261 (sh)  39 
νLi-SO2    1286 (s) 37 
τCH2 1307 (vw)    39 
νaLi-SO2    1321 (m) 14, 30, 37 
νaSO2 (o.p.) 1365 (sh) 1367 (sh) 1369 (sh) 1365 (m) 30, 37 
νSO2 (i.p.) 1387 (v s) 1388 (s) 1386 (s) 1385 (s) 30, 37 
δCH2 1434 (sh) 1435 (sh) 1432 (w) 1432 (w) 30, 39 
νCH2, νCH3 1473 (m) 1470 (m) 1472 (m) 1467 (sh) 30, 41 
Li2CO355 1514 (m.br) 1504 (m.br) 1509 (m.br) 1513 (w.sh) 13, 26, 55 
LiOH56    1594 (vw) 13, 14, 56  
amide57  1627 (vw)   57 
νCH2 (alkene)    1728 (w) 38, 57 
νCH2 (alkene) 58   1755 (m) 38, 57 
νCH2, νCH3 (3° amine) 2854 (w) 2851 (w) 2851 (w) 2857 (w) 38, 43, 58 
νCH2, νCH3 (3° amine)  2865 (w) 2871 (w) 2871 (w)  38, 43, 58 
νCH2 (pyrrolidine) 2888 (w) 2888 (w) 2888 (w) 2887 38, 43 
νC-CH 2899 (w)  2898 (w)  38 
νC-CH 2926 (sh) 2922 (w) 2919 (w) 2922 38 
νCH2, νCH2 (3° amine)   2931 (w)  30, 38, 39 
νCH2, νCH2 (3° amine) 2947 (w) 2944 (w) 2947 (w) 2946 30, 38, 39 
νaCH3 (alkane, alkene) 2960 (w)  2966 (w) 2965 38, 43, 58 
νCH2 2980 (w) 2980 (w) 2982 (w) 2979 30, 39 
νCH2 (alkene) 2984 (w.sh) 2991 (w) 2995 (w)  38 
νCH3 (methane) 3009 (w.sh) 3009 (w) 3007 (w)  38 
CH2-N-CH2 (2° amine)    3036 (w) 57 
CH2-N-CH2 (2° amine)    3274 (w) 57 
νLi-OH  3676 (vw) 3673 (w) 3677 (w) 13, 39, 55 
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Table 5.5 lists the bands associated with the time dependant surface-
RTIL interaction depicted in Figure 5.12. An increase in the number of bands 
in the frequency domain ca. 2800 – 3000 cm-1 which are associated with the 
degenerated [C3mPyr]+ cation is evidence that the cation is reduced in the 
absence of a potential bias. Furthermore, the bands referring to 2° amines 
(3036, 3274 cm-1), 3° amines (ca. 2860, 2940 cm-1), alkenes and alkanes 
validate that the Hofmann β-elimination mechanism is taking place, 
illuminating the variety of reduction products which may form and remain 
upon the surface post RTIL exposure.  
However, the anion also takes part in the reaction with the lithium 
substrate as evidenced by the absence and shifts of bands associated with the 
[FSI]- ion in the spectra, see Figure 5.12. Both bands related to the S-F 
vibrations are not present in the spectra after lithium exposure suggesting 
cleavage of the S-F immediately upon contact with Li. The unbound F- ion 
would be drawn toward the Li surface and bind to form LiF species as 
suggested by the diffraction pattern (12 day time period) presented earlier 
(Figure 5.11). Another contribution to LiF yield would be the unbound Li+ 
which will be available in solution after salt reduction. This proposal is in line 
with the findings of Budi et al. who suggested that LiF is the first product 
formed via F- ion extraction from the [FSI-] anion.26 Shown in Figure 5.15 is 
the time evolution for the aMD of two RTIL pairs at a lithium surface. Figure 
5.15a represents the initial configuration of the system at time 0 fs and Figure 
5.15f represents the system at time 694 fs (end of simulation). In Figure 5.15b 
(time elapsed: 72 fs) the [C3mPyr]+ cation moves away from the lithium surface 
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whereas the [FSI]- anion immediately reacts strongly with the top atomic 
layers of the lithium forming LiF. The [FSI]- anion breakdown yielded Li2F 
species (Figure 5.15c) then LiO species (Figure 5.15d) followed by the stable 
Li2O species (Figure 5.15e).26 Figure 5.15f shows a mixture of these surface 
bound species which have tunnelled within the lithium atomic layers 
rearranging the surface, leaving an almost unrecognisable [FSI]- breakdown 
moiety. Throughout the 694 fs simulation the [C3mPyr]+ cation remains intact 
probably due to limitations inherent in the molecular dynamics discussed 
earlier upon consideration of the FTIR data presented earlier. 
 
 
Figure 5.15 – ab-initio molecular dynamics simulation describing a possible interaction 
pathway [C3mPyr]+ and [FSI]- have with lithium metal. † 
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Therefore the lack of SF bands in the FTIR for RTIL exposed lithium 
surfaces is in line with the findings by Budi et al. which is also supported by 
the shift or removal of all other [FSI]- bands in the FTIR. The band 
representing SNS bending at ca. 730 cm-1 all but disappears representing 
cleavage about the nitrogen, thereby splitting the [FSI]- anion post F- 
extraction, in order to stabilise the radical that is formed. At all chosen times a 
band at ca. 577 cm-1 is observed, indicative of stretching Li-O37 or possibly 
Li-F.59 After 7 days RTIL exposure a band representing Li-OH stretching 
appears and remains for all successive experimental time periods. The Li-OH 
may be an impurity caused via washing the residual RTIL off the SEI, 
although if this were the case sufficient time for the lithium metal to react 
with DMC and form large amounts of both LiOH and Li2CO3 would also have 
passed. This is not observed in the 4 hour samples which have undergone the 
same cleaning step and therefore rules out this possibility. It is plausible that 
the water content of [C3mPyr+][FSI-] (80 ppm) is enough to react with Li metal 
to produce LiOH. Little evidence is found for the carbonate impurity at ca. 
1500 cm-1, suggesting the DMC has not had sufficient time to react with the 
lithium surface which means the Li-OH band that is detected (shown in Figure 
5.16) may also be due to the reaction taking place between Li and the 
reduction breakdown of RTIL moieties. In the 18 day period spectrum new 
bands appear at 1286 cm-1 and 1321 cm-1 and are assigned to symmetrical and 
asymmetrical stretching of the Li-SO2 product. 
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Figure 5.16 – FTIR spectra highlighting the LiOH stretch and cation breakdown bands upon 
exposure of lithium metal with neat [C3mPyr+][FSI-].† 
 
Following these observations, a mechanism of anion reduction may be 
proposed as outlined in the following scheme where single electron reduction 
can lead to the formation of four anion species via an intermediate N(SO2F)  
radical moiety: 
 
 
 
5.2 
In equation 5.2 the [FSI]- anion is dissociated causing a radical to be 
formed, a scheme which follows a similar pathway was also proposed by 
Markevich et al. in the homologous [TFSI]- based electrolyte.38 Although 
molecular dynamics simulations carried out by Howlett et al. in the [TFSI]- 
system propose that cleavage of the S-N bond is more favourable, as follows:30 
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5.3 
This pathway is most likely to be occurring in this [FSI]- system, as like 
the [TFSI]- anion, the sulphur atoms about the nitrogen center have the 
highest density of lowest unoccupied molecular antibonding π* orbitals 
(LUMO). The most likely pathway for this cleavage is via breaking of one of 
the N-S bonds due to reduction of the sulphur.38 This cleavage leaves two new 
species, NSO2F and SO2F, which when reduced further produce the F- and SO2 
via equations 5.4 and 5.5. Both of these species have been shown to exist, 
bound at the lithium surface after RTIL exposure, by FTIR observation.30 
 
 
 
 
5.4 
 
5.5 
However, the pathway suggested in equation 5.2 cannot be entirely 
ruled out, especially as the FTIR spectra clearly indicate a Li-SNS bending 
mode which can only be possible with the presence of a fluoride free [FSI]- 
moiety such as that shown in equation 5.6 after radical reduction at the S-F 
bond38 
 
 
 
5.6 
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Both of these pathways provide the availability of species necessary for 
the formation of an SEI layer made up of anion breakdown products, namely 
LiSO2, LiF, LixN(S2O4), Li2S and Li2O or possibly LiOH.  
To gain a better understanding of which breakdown products the SEI is 
composed of, XPS measurements were conducted for each time period with 
figures focusing on each elements binding energy where the values of all bands 
are listed in Table 5.6. As was expected in Figure 5.17 the lithium spectra over 
the 18 day interaction are similar to the original pristine lithium spectra 
encompassing the various lithium species at the surface. Of note however is 
the amplitude of the peaks which are smaller than the ca. 2000 counts 
observed in the pristine case over the first 12 days which agrees with earlier 
SEM micrographs that the SEI includes a structure that is growing outwards 
from the lithium bulk surface, see Figure 5.4 for comparison. Over this 12 day 
period the Li 1s spectra amplitude decreases, as the depth of penetration of the 
photoelectrons (typically 5 – 10 nm) may not even reach the bulk lithium 
beneath the newly forming SEI superstructure. It is interesting to observe the 
stark contrast between the 12 and 18 day samples as the amplitude increases 
lending to the previous argument that the SEI superstructure is being altered 
in one of two ways, (i) the superstructure may be stripped from the surface 
into the neat ionic liquid, though no visible observation has been made by 
mass spectrometry, or (ii) the highly reductive nature of the lithium leads to 
the superstructure tunnelling/drawn deeper through the solid electrolyte 
interface into the bulk metal. The Li 1s peak itself encompasses a domain 
where LiF, and LiOH/Li2CO3 are known to reside at 56.0 and 55.3 eV 
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respectively.30 The F 1s spectra also show a peak at ca. 684 eV which validates 
the presence of LiF at the surface. There is also a significant peak at 687.2 eV 
corresponding to SO2F from as early as 4hrs interaction time and remains for 
up to 12 days. However, comparing the 12 and 18 day periods shows a drastic 
drop in the abundance of SO2F and returns to levels equal to that of LiF at ca. 
684 eV. At such time the intensity of the LiF peak has almost doubled in 
intensity since the 4 hour sample.26 
 
Figure 5.17 – ex situ XPS spectra for Lithium and Fluorine species over 18 days exposure 
with neat [C3mPyr+][FSI-]. 
 
Shown in Figure 5.18 are the spectra for the carbon and oxygen species. 
For the C 1s spectra there is a shoulder at ca. 286.0 eV which can be attributed 
to the –CN functional group which would be present at the surface through 
cation reduction via the Hofmann elimination. The O 1s spectra show bands at 
ca. 532.0 eV corresponding to Li-OH/Li2CO3, which marginally tends to more 
negative binding energy with time, though not near 528.5 eV, the plausible 
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Li2O species due to native impurity.15,26,30 Therefore no Li2O species is present 
in the outermost layers of the SEI structure, which are known to be present in 
other SEI formed using carbonate based electrolytes.5,15,18 
 
Figure 5.18 – ex situ XPS spectra for Carbon and Oxygen species over 18 days exposure with 
neat [C3mPyr+][FSI-]. 
Figure 5.19 includes the spectra for nitrogen and sulphur which are not 
native to the pristine lithium metal. Their inclusion is from the interaction 
between the neat ionic liquid and is mainly attributed to the [FSI]- anion 
breakdown products. The N 1s spectra show two distinct peaks attributed to 
the polar nitrogen environments which are trapped at the surface after 
cleavage of both the anion and cation at 398.6 eV and 401.6 eV 
respectively.26,30 The S 2p spectra are somewhat unusual to interpret with a 
small yet noticeable satellite band at ca. 160 eV in the 4 hour, 7 day and 12 
day measurements. This peak was observed by Howlett et al. and attributed to 
lithium sulphide, Li2S, species which may be formed in low quantity. The 
broad peak at ca. 169 eV has been assigned to the [FSI]- moiety -SO2F species 
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which should be represented by a doublet,30 due to resolution restraints it is 
observed in Figure 5.19 as a broad shouldered band. In the 18 day 
measurement the -SO2F band broadens and shifts to a new peak position at ca. 
166.5 eV. The band is pronounced and broad and encompasses -SO2F, as well 
as sulphone or sulphite species which are possible [FSI]- breakdown products. 
However it is most likely that the shift in the band is attributed to surface 
-SO2 species including the SO2-N-SO2 moiety detected in the FTIR spectrum at 
the same 18 day time period. 
 
 
Figure 5.19 – ex situ XPS spectra for Nitrogen and Sulphur species over 18 days exposure 
with neat [C3mPyr+][FSI-]. 
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Table 5.6 – Summary of XPS data and assignments for the lithium samples left for 18 day 
interaction and recorded at 4 hour, 7 day, 12 day and 18 days. † 
Element Peak position / eV Assignment 
Lithium foil after 4 hours contact with [C3mPyr+][FSI-] 
Li (1s) 54.28 LiF, Li2CO3 or LiOH 
F (1s) 686.96 
683.70 
-SO2F 
LiF 
C (1s) 285.98 C-N 
O (1s) 531.89 Li2CO3 or LiOH 
N (1s) 398.6 
401.51 
N- 
N+ 
S (2p) 169.06 -SO2F 
Lithium foil after 7 days contact with [C3mPyr+][FSI-] 
Li (1s) 54.31 LiF, Li2CO3 or LiOH 
F (1s) 687.04 
683.83 
-SO2F 
LiF 
C (1s) 286.00 C-N 
O (1s) 531.7 Li2CO3 or LiOH 
N (1s) 398.58 
401.56 
N- 
N+ 
S (2p) 168.97 -SO2F 
Lithium foil after 12 days contact with [C3mPyr+][FSI-] 
Li (1s) 54.38 Li, Li2CO3F or LiOH 
F (1s) 686.97 
683.74 
-SO2F 
LiF 
C (1s) 285.50 C-N 
O (1s) 531.89 Li2CO3 or LiOH 
N (1s) 398.63 
401.6 
N- 
N+ 
S (2p) 169.19 -SO2F 
Lithium foil after 18 days contact with [C3mPyr+][FSI-] 
Li (1s) 54.1 LiF, Li2CO3/OH & Li2O 
F (1s) 687.2 
684.2 
-SO2F 
LiF 
C (1s) 285.70 C-N 
O (1s) 530.86 Li2CO3 or LiOH 
N (1s) 398.87 
401.61 
N- 
N+ 
S (2p) 166.46 -SO2F 
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5.3.1 Proposed mechanism of lithium SEI formation in neat 
[C3mPyr+][FSI-] ionic liquid. 
The combination of GADDS, SEM, FTIR and XPS experimental methods 
has allowed for a better understanding of the SEI formation via a chemical 
pathway which can be visualised in Figure 5.20. The [C3mPyr+][FSI-] at a 
lithium surface is able to undergo a variety of reduction pathways which have 
been presented. Thus there are many possible reduction pathways which are 
occurring concurrently. 
The breakdown of [C3mPyr+][FSI-] is almost instant upon interaction 
with the lithium metal, including the cleaving of both the [C3mPyr]+ cation and 
[FSI]- anion about their respective nitrogen centers. A definitive postulation is 
that the lithium metal does undergo chemical reaction with the neat RTIL and 
the SEI formed is composed of both fluorine, oxygen and sulphur compounds 
as structural or trapped constituents. The lithium surface also includes 
lithium carbonate. A multipart physico-chemical mechanism is taking place: 
(i) Physically, the initial SEI formation transforms a pristine lithium 
surface into a smoother morphology with areas corroded via pitting including 
[C3mPyr+][FSI-] moieties over a 7 day period. After 12 days the morphology is 
roughened with the appearance of coral crystal structures which grow into the 
grain boundaries. These structures produce a porous morphology which grows 
outwards from the plane. After 18 days of interaction the coral structures are 
not visible and the surface is once again smoothened. 
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Figure 5.20 – Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with neat [C3mPyr+][FSI-]. 
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 (ii) Chemically, the cation undergoes a series of reductions via a 
Hofmann elimination process to cleave the [C3mPyr]+ cation thus giving rise to 
an abundance of alkane and alkene spectral observations. These breakdown 
products either remain trapped within the structure of the forming SEI or 
disperse into the bulk electrolyte solution. The most noticeable SEI component 
is the cation reduced -N+ species.  
(iii) Chemically, the [FSI]- anion cleavage permits the unbound -SO2F 
functional group to undergo further cleavage allowing unbound fluoride to 
react instantly with lithium forming stable LiF. The fluorine abundance 
increases by a factor of 2 over the 12 day period whilst Li-SO2F also forms. 
LiOH is formed via a breakdown of the entire ionic liquid, the oxygen is 
available from -NSO2 reduction whilst the required hydrogen is present via 
cleavage of cation moieties. LiOH abundance increases over the entire time of 
exposure. After 18 days the Li-SO2F and Li-SO2 species dissociate permitting 
-SO2F and -SO2 to either drift away from the SEI structure into the bulk 
electrolyte solution or remain trapped within. After 18 days the Li2CO3 
component present due to the native lithium film has diminished. 
5.4 Interaction between lithium metal and LiFSI or LiTFSI 
salt electrolyte. 
5.4.1 Characterisation via microscopy. 
When lithium metal is allowed to react with LiFSI/[C3mPyr+][FSI-] 
electrolyte the SEI which is formed is a dynamic process with subtle 
differences to the neat system over the same 18 day period, shown in Figure 
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5.21. After the initial 4 hours of interaction the surface of the lithium has 
become rougher than the pristine lithium surface with many grain boundaries 
observed. By the 7 day mark the surface is roughened further as large areas of 
the lithium have begun to strip from the surface, as evidenced in Figure 5.21b 
inset. Interesting to note is that only after 7 days of interaction, nucleation 
sites have already surfaced ranging in size from 0.25 µm to 1.0 µm. These 
nucleation sites are still visible in the micrographs taken at the 12 day time 
period, Figure 5.21c, which are preferentially nucleated into lines of equal 
spacing of ca. 2.5 µm, see Figure 5.21c inset. This type of morphology is not 
common to the entire surface with a significant amount of the surface being 
subject to LiFSI/[C3mPyr+][FSI-] electrolyte remaining adhered on the surface, 
visible (Figure 5.21d). Though the washing process is quite vigorous, the SEI 
after 12 days of formation, is more strongly attacked at this time period more 
than any other, when regarding LiFSI/[C3mPyr+][FSI-] electrolyte interaction. 
This morphology is strikingly similar in appearance to the SEI formed after 
7 days discussed in the previous section regarding the chemical reaction 
between lithium metal and the neat [C3mPyr+][FSI-] ionic liquid with clear 
indications of pitting occurring also.  
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Figure 5.21 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiFSI/[C3mPyr+][FSI-] electrolyte for: (a) 4 hours (b) 7 days (c) 12 days (d) 12 days 
alternate section. Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
Just as there was an evident transformation between the 12 to 18 day 
SEI formations in neat IL, likewise, there is a similar transformation taking 
place between the 12 and 18 day mark for Li in LiFSI/[C3mPyr+][FSI-]. 
Observation of the SEI micrographs shown in Figure 5.22 show a surface that 
is entirely decorated with crystallites as evidenced via the low magnification 
image in Figure 5.22a. Upon closer inspection at higher magnification, Figure 
5.22b, the crystallites do not resemble those coral structures as seen with the 
neat [C3mPyr+][FSI-] SEI. Instead these crystallites range in size from 
2  -  20 µm and appear to be remnants of the peeling/flaking process observed 
after 7 days of SEI formation. The areas closely surrounding the structures 
clearly show evidence of the flaking process, inset Figure 5.22b. Also 
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observable are ribbons which have been observed to grow up to 0.5 mm in 
length. These structures are present over the majority of the surface. 
 
Figure 5.22 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiFSI / [C3mPyr+][FSI] electrolyte for: (a) 18 days (d) 18 days alternate section. Scale bars 
correspond to 50 µm (inset scale bar: 20 µm). 
Micrographs revealing the product of LiTFSI/[C3mPyr+][FSI-] 
interaction with lithium metal are shown in Figure 5.23a. After 4 hours the 
surface has been roughened which is similar to the case of the LiFSI salt. 
Upon closer inspection (Figure 5.23a inset) nucleation sites can be observed of 
ca. 0.1 – 2.0 µm diameter which were not detected in the LiFSI salt mixture 
interaction until the next observation after 7 days. It seems that sufficient 
time has passed for the LiTFSI salt to have an impact on the surface 
morphology which is less than the time required for the LiFSI analogue. 
However, the 7 day micrograph shown in Figure 5.23b is remarkably similar to 
the LiFSI analogue with substrate peeling clearly evident by a pit of ca. 90 µm 
in diameter at its widest point. As well as many grain boundaries and 
fractures forming along the surface, shown in the inset, the lithium foil has 
become rougher.  
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Figure 5.23 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiTFSI / [C3mPyr+][FSI-] electrolyte for: (a) 4 hours (b) 7 days (c) 12 days (d) 18 days. 
Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
This trend is reversed after 12 days of interaction with a smoothening of 
the morphology shown to occur to almost complete coverage of the lithium 
metal, Figure 5.23c. A minor portion of the surface area contains growth sites 
(inset) which after 18 days interaction, Figure 5.23d, have grown to be highly 
textured coral structures that are much larger as well as denser than those 
previously observed forming on surfaces that were treated with neat 
[C3mPyr+][FSI-]. These growths are rough structures on an otherwise smooth 
lithium metal surface with sparse arrangements across the entire plane. 
EDS spectral data was collected for each of the systems discussed thus 
far, post interaction, at the 7 day period, and values are shown in Table 5.7. It 
is at this 7 day period that minimal electrolyte could be observed in 
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micrographs for each system, thus any results obtained are thought to describe 
structural SEI information rather than pore-trapped residue. The largest 
counts obtained for carbon, nitrogen and oxygen belonged to lithium treated 
with the LiTFSI/[C3mPyr+][FSI-]. The highest fluorine content was recorded at 
lithium metal which was allowed to interact with LiFSI/[C3mPyr+][FSI-], 
which also provided the smallest response for sulphur but interestingly was 
found in higher abundance after neat [C3mPyr+][FSI-] treatment. If the 
formation of LiF was directly proportional to the fluorine content of the 
electrolyte then the LiTFSI/[C3mPyr+][FSI-] case with six available fluorine 
atoms should in principle provide the greatest amount of LiF. However this is 
not the case, as fluorine abundance at the SEI is most abundant in the surface 
post interaction with LiFSI. The sulphur content is equal with that of fluorine 
in the neat and LiTFSI systems, however is substantially lower in the LiFSI 
case, highlighting the effect of fluorine concentration on SEI formation for this 
system.  
The major element (other than undetectable lithium) in the SEI after 
electrolyte exposure is oxygen which dominates the sample by an average of 3 
times the amount of carbon. This suggests remnant Li2CO3 makes a major 
contribution to SEI composition, although this is only an indication which 
FTIR can assist to establish. 
Table 5.7 - Counts obtained via EDS of the lithium metal after interaction with neat 
[C3mPyr+][FSI-]  and the LiFSI and LiTFSI mixtures. 
Electrolyte Element 
during Li0 interaction Carbon Nitrogen Oxygen Fluorine Sulphur 
Neat [C3mPyr+][FSI-] 158 76 570 80 70 
LiFSI/[C3mPyr+][FSI-] 104 65 345 124 16 
LiTFSI/[C3mPyr+][FSI-] 203 103 582 62 42 
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5.4.2 Characterisation via spectroscopy. 
FTIR spectra of the products of interaction between lithium metal and 
LiFSI/[C3mPyr+][FSI-] are presented in Figure 5.24 with the corresponding 
peak assignments referenced to previous literature, in Table 5.8. Differences 
within the spectra when compared to the neat RTIL interaction are few, as the 
sole variable addition to this new system is simply the LiFSI salt, which 
increases [FSI]- concentration and introduces Li+ ions into solution. 
Focusing attention on the ring mode bands at ca. 870 – 1010 cm-1 shows 
bands larger than those previously noted for the lithium surface treated with 
neat [C3mPyr+][FSI-]. However, with the N-propyl-N-methylpyrollidinium able 
to be reduced via various pathways the propylpyrrolidine species may be the 
preferred product shown in Figure 5.14, which allows cleavage of the cation 
allowing the ring modes to persist. Though this particular cation reduction 
pathway yields a methyl radical it is not observed. However, this is in line 
with the FTIR spectra as there is an absence of bands representing the alkene 
secondary products for methylpyrrolidine at 1728 and 1755 cm-1. The -CH2 
twisting mode is not present, previously observed at ca. 1307 cm-1 for the neat 
case, as well as a -CH2 wagging mode which is also in the region at 
ca. 1260 cm-1.39 Also missing from the spectra for this system are two bends at 
ca. 2960 and 2984 cm-1.  
With the increased amount of [FSI]- available there is an associated rise 
in intensity of the bands at ca. 1106 and 1148 cm-1 suggesting a greater 
amount of [FSI]- breakdown products compared to the neat system. Also 
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noteworthy is the increase in band intensity after 18 days at these 
wavenumbers in comparison to the neat RTIL FTIR spectra from the same 
time period. After 18 days a band at ca. 1578 cm-1 appears which is difficult to 
interpret, as it resides in a region that includes both Li2CO3 and also LiOH, 
though as the major peak representing lithium carbonate at ca. 1500 cm-1 is 
missing this band will be tentatively assigned as representing LiOH. 
 
Figure 5.24 – ex situ FTIR spectra after chemical interaction of a lithium surface with 
LiFSI/[C3mPyr+][FSI-] mixtures over several time periods. 
XPS data after 7 days of LiFSI/[C3mPyr+][FSI-] interaction with Li 
(Figure 5.25) tells a similar story to the neat system, LiF as well as SO2F 
species are present at the surface as well as LiOH. A peak in the C 1s 
spectrum at ca. 286.8 eV is puzzling, referring to ethereal carbon (Figure 5.26). 
No other XPS spectra in this system, nor the FTIR spectra previously 
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discussed, allude to this species being present. The N 1s spectrum ensures 
both the [C3mPyr+][FSI-] is at the surface whilst satellite peaks in the S 2p 
once again suggest a slight Li2S presence. All assignments are listed in 
Table 5.9. 
Table 5.8 - Assignment for the FTIR spectrum data for Li after interaction with 
LiFSI/[C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days 18 days  
νN-C, δsSO2 578 (s) 576 (s) 571 (s) 578 (s) 30, 37 
δaSO2 611 (w)  619 (w) 611 (w) 30 
νSF, νLi-F 656 (vw)   640 (vw.br) 26, 37 
νSNS 755 (m) 751 (m) 745 (m) 753 (w) 30, 40 
ρCH2, Ring mode 835 (m) 828 (m) 830 (m) 834 (m) 39 
Ring mode 886 (vw)  881 (sh) 891 (w.br) 30, 39 
Ring mode 
 
906 (vw) 901 (vw)  30, 39 
Ring mode 940 (w) 938 (w) 939 (w) 940 (w) 30, 39 
Ring mode 970 (vw) 972 (vw.br) 971 (vw) 971 (vw) 30, 39 
Ring mode 1008 (w) 1003 (w) 1002 (w) 1015 (w) 30, 39 
νaSNS 
 
1058 (sh) 1061 (vw.br) 1063 (vw.br) 30, 37, 40 
νaSO2-N-SO2 1105 (s.br) 1105 (m) 1105 (s) 1101 (s) 30, 37, 40 
νSO2-N-SO2 1190 (vs) 1175 (vs) 1175 (vs) 1189 (vs) 30, 37, 40 
ρCH2 1219 (m) 1216 (w) 1217 (m) 1218 (w) 39 
νaSO2 (o.p.) 1366 (m) 1363 (s) 1360 (s) 1365 (m) 30, 37 
νSO2 (i.p.) 1387 (s) 1380 (s) 1379 (s) 1386 (s) 30, 37 
δCH2 1434 (vw) 1434 (w) 1434 (vw) 1433 (vw) 30, 39 
νCH2, νCH3 1469 (m) 1462 (w) 1466 (m) 1472 (m) 30, 41 
Li2CO3 1525 (vw.br) 1528 (vw.br)   13, 26, 55 
amide, C=C  1641 (vw.br)   57 
νCH2, νCH3 (3° amine)  2849 (w)   38, 43, 58 
νC-CH   2893 (vw) 2889 (vw) 38 
νC-CH  2921 (w)   38 
νCH2, νCH2 (3° amine)   2947 (vw) 2944 (vw) 30, 38, 39 
νCH2 2978 (vw) 2978 (w.br) 2983 (vw) 2979 (vw) 30, 39 
CH2-N-CH2 (2° amine) 3298 (w) 3298 (vw)  3298 (w) 57 
νLi-OH    3677 (w) 13, 38, 55 
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Figure 5.25 - ex situ XPS spectra for lithium and fluorine species after 7 days exposure with 
LiFSI/[C3mPyr+][FSI-]. 
 
It is well known that lithium metal reacts with the –CF3 functional 
group in Teflon.8 Since the –CF3 functional group is available in the LiTFSI 
salt it seems logical that cleavage of this group to undergo further reduction at 
the lithium metal will occur. The –CF3 functional group is bound less strongly 
in the LiTFSI salt than in Teflon and should dissociate easier. Not only does 
lithium have access to –CF3 functional groups, several of the [TFSI]- functional 
groups may be reduced including S-N, –SO2- and SO3- similarly to the [FSI]- 
analogue. Particularly the pathway for lithium reaction with the LiTFSI is 
through that of the –SO2 group which has been documented as forming 
Li2S2O4 as well as Li2S similarly to the previous case.60 Shifting of sulphur 
bands in Figure 5.27 to more positive values of ca. 754, 1110, 1190, 1360 and 
1385 cm-1 occurs compared to the neat case, evidence of reaction taking place 
about the sulphur centres in solution. An introduction of a weak peak at 
ca. 1140 cm-1 can be assigned to νLi-SO2, although whether this sulphur 
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species is forming physical bonds within the SEI structure as opposed to being 
trapped requires further study. 
  
        
Figure 5.26 - ex situ XPS spectra for nitrogen, carbon, oxygen and sulphur species after 7 
days exposure with LiFSI/[C3mPyr+][FSI-]. 
 
Regarding the cation and its participation in this SEI formation 
mechanism, bands representing ring mode vibrations initially increase for 12 
days, settling at values similar to those observed in the 4 hour sample. This 
suggests that once again the cation may not be undergoing full ring cleavage 
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as happens with neat RTIL. This is also supported by the missing bands 
signifying -CH2 twisting and wagging as observed above during lithium 
interaction with the LiFSI/[C3mPyr+][FSI-] mixture. Thus cation behaviour for 
the [C3mPyr+][FSI-] when in mixtures of LiTFSI prefers a reduction 
mechanism to form propylpyrrolidone without ring cleavage. This can be 
supported by the absence of alkene bands at ca. 1720 – 1760 cm-1. This may 
also suggest preferential interaction of the salt rather than the RTIL with the 
Li metal. Once again the Li2CO3 peak responses diminish after 18 days, with 
the introduction of amide functionality in the 18 day sample at ca. 1650 cm-1 
while the weak response at ca. 3675 cm-1 representing LiOH persists 
throughout the 18 days proving that LiOH is a definite structural component 
in this SEI. The LiF response is instantly observed in the 7 day sample with a 
band at ca. 640 cm-1 which remains as a strong broad band throughout. These 
species were also observed forming through the ab-initio molecular dynamics 
for the neat RTIL interaction with lithium metal by Budi et al. and as such are 
proposed to take place at the lithium surface in these two mixtures.26 A 
detailed classification of bands is represented in Table 5.10. 
Table 5.9 – Summary of XPS binding energy and proposed assignments for lithium surface 
species after 7 days exposure with LiFSI/[C3mPyr+][FSI-]. 
Species Binding Energy (eV) 
 Li 1s S 2p C 1s N 1s O 1s F 1s 
[C3mPyr]+   286.8 400.3   
(N-)SO2F  170.5  403.2 533.4 688.5 
C-H, C-C   285.1    
LiF 56.0     685.7 
Li2CO3 55.2  290.1  533.4  
LiOH 55.2    533.4  
Li0 52.4      
Li2S* - 160.6     
*Tentative Assignment 
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Figure 5.27 – ex situ FTIR spectra after chemical interaction of a lithium surface with 
LiTFSI/[ C3mPyr+][FSI-] mixtures over several time periods. 
 
Table 5.10 – Summary of XPS binding energy and proposed assignments for lithium surface 
species after 7 days exposure with LiTFSI/[C3mPyr+][FSI-]. 
Species Binding Energy (eV) 
 Li 1s S 2p C 1s N 1s O 1s F 1s 
[C3mPyr]+   286.8 399.6   
(N-)SO2F 
CF3  
169.8  402.6 532.6 688.4 
C-H, C-C   285.1    
LiF 56.2     685.1 
SO2F       
Li2CO3 55.0  289.5  532.6  
LiOH 55.0    532.6  
Li0 52.5      
Li2S*  159.9     
*Tentative Assignment 
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Table 5.11 - Assignment for the FTIR spectrum data for Li after interaction with 
LiTFSI/[C3mPy+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days 18 days  
νN-C, δsSO2 577 (s) 577 (s) 578 (s) 578 (s) 30, 37 
νLi-O~ 593 (vw.sh) 590 (w.sh) 598 (w.sh)  14, 37, 44 
δaSO2 620 (w) 619 (w) 619 (vw) 621 (vw) 30 
νSF, νLi-F  639 (vw.sh) 638 (vw) 657 (w) 26, 30 
νSNS 754 (m) 754 (m) 754 (m) 756 (m.sh) 30, 40 
ρCH2, Ring mode 834 (m) 833 (m) 833 (m) 834 (m) 39 
Ring mode 882 (w) 871(vw) 872 (sh) 883 (w.br) 30, 39 
Ring mode 906 (vw) 904 (vw)   30, 39 
Ring mode 939 (w) 939 (w) 939 (w) 941 (w) 30, 39 
Ring mode 970 (w) 973 (vw) 973 (vw) 972 (vw) 30, 39 
Ring mode 1003 (w) 1002 (m) 1003 (m) 1007 (w) 30, 39 
νaSNS 1061 (w) 1059 (m) 1059 (m) 1054 (m) 30, 37, 40 
νaSO2-N-SO2 1111 (s) 1107 (s) 1107 (s) 1109 (s) 30, 37, 40 
νsSO2 , νLi-SO2 1140 1140 (vw) 1140 (w)  14 
νCF, νSO2-N-SO2 1189 (vs) 1178 (vs) 1186 (vs) 1190 (vs) 14, 30, 37, 40 
νasSO2 , ρCH2 1218 (m) 1216 (w) 1217 (m) 1219 (m) 14, 39 
νaSO2 (o.p.) 1365 (m) 1361 (m) 1365 (m) 1366 (m) 30, 37 
νaSO2 (i.p.) 1387 (s) 1381 (s) 1383 (s) 1388 (s) 30, 37 
δCH2 1434 (vw) 1432 (w) 1433 (vw) 1434 (vw) 30, 39 
νCH2, νCH3 1472 (m) 1463 (m) 1471 (m) 1471 (m) 30, 41 
Li2CO3 1504 (vw.br) 1512 (vw.br) 1507 (vw.br) 1507 (vw.br) 13, 26, 55 
LiOH    1585 (w.br) 13, 14, 56 
amide, C=C 1658 (vw.br) 1646 (m.br) 1647 (m.br) 1659 (w.br) 57 
νCH2, νCH3 (3° amine) 2857 (vw) 2850 (w) 2849 (w) 2852 (vw) 38, 43, 58 
νC-CH 2889 (w) 2889 2888 (vw) 2888 (vw) 38  
νC-CH  2919 (w) 2918 (w) 2923 (vw) 38 
νCH2, νCH2 (3° amine) 2945 (w) 2945 2947 (vw) 2949 (vw) 30, 38, 39 
νCH2 2978 (vw) 2978 (w) 2979 (m) 2980 (vw) 30, 39 
νLi-OH 3677 (w)  3673 (vw) 3677 (w) 13, 39, 55 
 
A large amount of LiOH/Li2CO3 is detected via XPS for the lithium 
surface after 7 days reaction with the LiTFSI/[C3mPyr+][FSI-] system. As FTIR 
data suggests the presence of Li2CO3 at the surface at this time period it is 
suggested that the XPS data relates to the carbonate rather than the 
hydroxide, see Figure 5.28. The –CF3 functional group is expected to react with 
 209 
lithium and remain at the surface due to a characteristic F 1s peak that is 
observed at 688.4 eV.30,50 This is also evidence of the NSO2 moiety, though as 
the XPS values for this species are very close to that of the SO2F encountered 
previously in both the neat and LiFSI salt systems, this is not certain, as 
depicted in Figure 5.29. LiF remains detectable in small amounts, which is 
also suggested by the small FTIR response at ca. 620 cm-1. Li2F is again 
detected as a satellite peak at very low quantities, and lithium metal is also 
detected as usual. 
 
 
Figure 5.28 - ex situ XPS spectra for lithium and fluorine species after 7 days exposure with 
LiTFSI/[C3mPyr+][FSI-]. 
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Figure 5.29 - ex situ XPS spectra for fluorine, nitrogen, oxygen and sulphur species after 7 
days exposure with LiTFSI/[C3mPyr+][FSI-]. 
5.4.3 Proposed mechanism of lithium SEI formation including 
salt effects. 
Many of the observations made in the LiFSI/[C3mPyr+][FSI-] and 
LiTFSI/[C3mPyr+][FSI-] electrolytes share commonalities with the RTIL 
supporting electrolyte. Hence, the majority of chemical reactions that take 
place are the same. However, both the LiFSI and LiTFSI salts cause the 
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lithium surface to behave differently, both morphologically and chemically 
when allowed time to interact. 
The presence of the LiFSI salt causes the Hofmann elimination to 
proceed to yield propylpyrrolidine as the major species via cation breakdown. 
This is determined by the absence of alkane and alkene responses via FTIR, as 
well as the lingering ring mode vibrations signifying that the [C3mPyr]+ 
remains closed. As there is an increased amount of the [FSI-] anion in solution 
there is a concomitant increase in the amount of anion breakdown products 
involved in the build-up of the SEI by the 18 day time. Whilst the two anions 
are the same, the fluorine takes part in SEI formation by up to 50 % more as 
determined by EDS, whilst the sulphur and oxygen species are low in 
abundance in comparison to that of the SEI formed in neat RTIL. Nitrogen 
however performs similarly as a spectator trapped within the SEI as a 
component of both cation and anion moiety’s.  
To assist this explanation, shown in Figure 5.30 is a schematic 
describing the mechanism taking place for SEI formation using LiFSI and 
[C3mPyr+][FSI-]. Physically the lithium substrate takes on an initially rough 
morphology with evidence of peeling occurring at the surface after 7 days with 
increases in the LiF and Li2CO3. By 12 days, the electrolyte has adhered to the 
surface, lithium carbonate abundance has decreased and nucleation sites have 
surfaced. By 18 days the surface is once again roughened with then entire 
surface covered by structures composing of crystallites and ribbons, of up to 
0.5 mm in length. 
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The LiTFSI salt affects SEI formation in much the same way as the 
neat RTIL does with few variations. The -CF3 group included in the [TFSI]- 
anion may take part in the formation of the SEI though as the data overlaps 
with other species it is uncertain. However XPS data did corroborate with 
FTIR data to provide insight into the chemical nature of the SEI. Lithium 
carbonate, LiOH and LiF are all present at the surface of the lithium after 
18 days of exposure to the electrolyte. There is an increased amount of anion 
breakdown products for both the [TFSI]- and [FSI]- anions which appear 
trapped within the SEI structure. Even though LiTFSI boasts a 3-fold increase 
in the fluorine content compared to LiFSI salt, less fluorine species are 
measured via EDS and XPS. This is likely due to the stronger C-F bond when 
compared to the S-F bond in [FSI]-. The ring mode vibrations for the cation are 
weaker than those seen in the LiFSI system and data suggests a complete 
cleavage of the ring producing butylpropylmethylamine.  
Physically, as described in Figure 5.31, the surface undergoes a 
roughening process initially much like the LiFSI system resulting in rather 
large pitting and fracturing of the surface by 7 days giving rise to a large 
Li2CO3 response understood to reside within the lithium native film. These 
fractures are not observed after 12 days where electrolyte has filled sites of 
pitting and fractures thereby smoothing the surface. After 18 days the surface 
is once again smooth with evidence of coral structures sparsely covering the 
entire lithium surface. An abundance of anion breakdown species are also 
present within this structure including the butylpropylmethylamine cation 
reduction species. 
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Figure 5.30 - Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with 0.5 m LiFSI/[C3mPyr+][FSI-]. 
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Figure 5.31 - Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with 0.5 m LiTFSI/[C3mPyr+][FSI-]. 
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In summary, the addition of these salts affects SEI formation by 
accelerating morphological changes. This is first observed after only 4 hours of 
interaction whereby initial roughening occurs, observed in the neat system 
after 7d days. The healing/smoothing that follows due to the persisting 
electrolyte at 12 days provides a smooth morphology which after 18 days is 
decorated with distinctive structures growing normal to the plane. Chemically 
the choice of salt can be used to tailor the SEI to provide a favoured result, 
preferentially a smoother morphology. The LiFSI salt was observed stripping 
the surface with large amounts of stripping of the outermost lithium layers 
after 7 days, whilst the LiTFSI salt system provided large amounts of 
aggressive pitting deep within the lithium native film. 
5.5 Interaction between lithium metal and LiBF4, LiPF6 and 
LiAsF6 salt electrolyte. 
5.5.1 Characterisation via microscopy. 
Allowing lithium metal to react with LiBF4/[C3mPyr+][FSI-] electrolyte 
we find that the morphology change is once again largely decided by RTIL 
influence. After 4 hours of interaction the surface is made up of a rough 
surface containing electrolyte as shown in Figure 5.32a. In areas where the 
RTIL is not present the underlying layer is rougher with signs of fracturing 
occurring even this early into the experiment (as shown in the inset). After 
7 days of interaction (Figure 5.32b), the surface has been further roughened 
with nucleation of aggregated species at grain boundaries and pits. The 
concentration of these structures is highest at large grain boundaries/edges, 
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though smaller nucleation sites are still observed along the flatter areas 
culminating in almost the entire surface being covered by this species. Figure 
5.32c provides a micrograph of the 7 day sample to illustrate a sparsely 
populated area of the surface and an understanding of the surface beneath the 
nucleated species. 
The 12 day sample looks remarkably similar to that of the LiTFSI 
affected sample at the same time frame. The majority of the surface has 
electrolyte adhered to the surface with the rare section of surface containing 
smaller nucleation sites in the size range of 0.1 – 1.5 µm (shown in the inset of 
Figure 5.32d). Otherwise, the dry areas on the surface appear to have a similar 
morphology to that of the pristine lithium film. 
 
Figure 5.32 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiBF4 / [C3mPyr+][FSI-] electrolyte for: (a) 4 hours (b) 7 days (c) 7 days alternate section 
(d) 12 days. Scale bars correspond to 50 µm (inset scale bar: 10 µm). ‡ 
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The LiPF6/[C3mPyr+][FSI-] system also provides a rough morphology for 
the lithium surface after 4 hours of interaction as is becoming a commonality 
when introducing salts to the [C3mPyr+][FSI-] RTIL, see Figure 5.33a. Like the 
LiTFSI system after only 4 hours of interaction the surface is dotted with 
nucleation sites arranged into rows with equidistant spacing (highlighted in 
the inset), previously seen after 12 days in the LiFSI system. There is also 
some adhered electrolyte remaining on the surface but is quite low and equal 
to the LiTFSI system after 4 hour reaction time. Figure 5.33b shows the 
micrograph of a 7 day sample which presents a surface which is dominated by 
a dark species which appears to be in the process of peeling from the surface in 
fractured slices of ca. 2.0 µm in diameter. Not all instances of the fractured 
peeling structures contained the darker species which were not observed on 
the underlying material. It is very similar in morphology to that of the LiFSI 
system at the same time period (Figure 5.21b inset). 
After 12 days as shown in Figure 5.33c the surface was almost 
completely covered by electrolyte with nucleation sites of various sizes, 
ranging from 0.05 to 5.0 µm. There is also another arrangement present in the shape of 
rod structures scattered throughout the morphology. Similarly with all other 
systems the roughened morphology is once again smoothened to provide what 
appears in the micrograph to be a pristine lithium foil with large nucleation 
sites dotting the surface after 18 days of chemical reaction, Figure 5.33d. 
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Figure 5.33 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiPF6/[C3mPyr+][FSI-] electrolyte for: (a) 4 hours (b) 7 days (c) 12 days (d) 18 days. Scale 
bars correspond to 50 µm (inset scale bar: 10 µm). 
The salt systems observed thus far have each provided a rougher 
morphology with an abundance of electrolyte adhesion in the initial 4 hour 
sample, however, when the LiAsF6 is used in conjunction with [C3mPyr+][FSI-] 
the initial observation provides a surface consisting of a variety of different 
regions. Figure 5.34a clearly indicates three distinct regions arise. The regions 
can be defined by their unique contrasts in the micrograph. Nucleation sites 
also reside upon the surface although only within the boundaries of the 
lightest and darkest regions. The areas depicted by median contrast represent 
electrolyte coverage. Other areas exist on the electrode which are 
familiar, with roughening of the surface and RTIL adhesion (depicted in the 
inset of Figure 5.34a). 
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Figure 5.34b taken after 7 days of interaction are unlike any others 
previously observed; total surface coverage by nucleation dominates and alters 
the morphology. These structures are similar to those seen after 7 days of 
interaction with the LiBF4 salt, which were concentrated at large pits. Two 
distinct regions can once again be seen with different contrasts, interestingly 
the structures that provide darker contrast are localised at grain boundaries, 
(see inset). Figure 5.34c depicts a morphology dominated by electrolyte 
adhesion. The structures being enveloped are assumed to be those shown after 
7 days of interaction. By the 18 day period it appears that the residual 
electrolyte has become part of the structure with a consolidation of both the 
nucleation and electrolyte into a dense superstructure with total surface 
coverage. Interestingly there is no evidence of two distinctly different regions 
as seen in Figure 5.34a. However the initially formed SEI layer may remain 
underneath the final top most part of the SEI. 
Focusing on the data collected by EDS provided in Table 5.12 shows a 
large amount of fluorine present in the lithium morphology after 7 days of 
interaction with LiBF4 and especially the LiPF6 salts. For these two salts all 
other values appear to be in line with those previously observed for the neat 
[C3mPyr+][FSI-] and LiFSI and LiTFSI systems. This is in line with x-ray 
microanalysis of lithium electrodes treated with LiBF4 or LiPF6 with 
pronounced fluorine responses.14 The LiAsF6 system however has an extremely 
large oxygen count. Previously a large oxygen count correlated with a large 
carbon abundance in a rough ratio of 3:2 (Li2CO3) though only a slight increase 
in sulphur abundance is also observed. It is important to note at this point, 
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that upon optical analysis after 7 days of interaction with the LiAsF6 salt the 
lithium surface appeared tarnished, whereas all other samples still provided a 
bright, shiny exterior.  FTIR and XPS analysis will be used to probe this 
phenomenon further. Figure 5.34c shows a typical lithium foil that has been 
tarnished by the LiAsF6 salt mixture. 
 
 
Figure 5.34 - SEM micrographs with magnified inset of a lithium surface after interaction 
with LiAsF6/[C3mPyr+][FSI-] electrolyte for: (a) 4 hours (b) 7 days (c) 12 days (d) 18 days. Scale 
bars correspond to 50 µm (inset scale bar: 10 µm). 
 
Table 5.12 - Counts obtained via EDS of the lithium metal after interaction with mixtures of 
[C3mPyr+][FSI-]  with LiBF4 , LiPF6 and LiAsF6 salts. 
Electrolyte Element 
during Li0 interaction Carbon Nitrogen Oxygen Fluorine Phosphorus Sulphur 
LiBF4/[C3mPyr+][FSI-] 196 90 398 214 - 65 
LiPF6/[C3mPyr+][FSI-] 168 94 265 693 138 49 
LiAsF6/[C3mPyr+][FSI-] 230 130 1022 85 - 102 
A B 
C D 
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5.5.2 Characterisation via spectroscopy. 
In the 4 hour FTIR spectrum shown in Figure 5.35 we immediately see 
the alkene stretches first observed in the neat system at ca. 1728 and 
1755 cmˉ1 alluding to a cation cleaving mechanism for the cation when mixed 
with the LiBF4 salt. Simultaneously the ring mode vibrations for the cation 
have diminished significantly over the entire 12 day period of interaction.  
The LiF band at ca. 640 cm-1 after 4 hours is a weak response which 
remains at this intensity and shifts to more negative values as time passes. 
The lithium metal native film bands (Li2CO3) however, increases as time 
passed unlike in previous systems studied where the opposite is the case. 
Another species with bands of increasing intensity are those of the SO2 group 
shifting to ca. 1365, 1387 cm-1, additionally the νSO2-N-SO2 (ca. 1188 cm-1) and 
the νLi-SO2 bands (ca. 1321 cm-1) are present in the 4 hour system yet move to 
more negative values as days pass suggesting continued participation in 
reactions at the lithium surface.  
Regarding cation reduction, after 4 hours there is no remnants of the 
ring modes and the presence of alkenes at ca. 1725 – 1760 cm-1 suggests 
typical methylpyrrolidine production. However after 7 days the ring modes 
start to appear and there is no evidence of alkenes, thus the SEI after 7 days 
preferentially reduces the cation to butylpropylmethylamine. By 12 days the 
ring modes have returned to support this pathway. 
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Table 5.13 - Assignment for the FTIR spectrum data for Li after interaction with 
LiBF4/[C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days  
νBF4  561 (vw) 568 (s) 45, 48 
νN-C, δsSO2 578 (s) 578 (s)  30, 37 
νLi-O~ 597 (vw) 592 (vw.sh)  14, 37, 44 
δaSO2  617 (w.br) 627 (vw) 30, 37 
νSNS 757 (m) 755 (m) 742 (m) 30, 40 
ρCH2, Ring mode 833 (m) 833 (m) 824 (m) 39 
Ring mode 885 (w) 885 (vw) 868 (sh) 30, 39 
Ring mode  908 (vw)  (vw) 30, 39 
Ring mode 940 (w) 941 (w) 937 (w) 30, 39 
Ring mode 972 (vw) 972 (vw.br) 971 (w) 30, 39 
Ring mode 1004 (w) 1004 (w) 1000 (m) 30, 39 
νaSNS 1062 (vw.br) 1050 (sh) 1049 (w) 30 , 37, 40 
νaSO2-N-SO2 1110 (s) 1108 (s) 1101 (s) 30 , 37, 40 
νSO2-N-SO2 1188 (vs) 1182 (vs) 1174 (vs) 30 , 37, 40 
ρCH2 1218 (m) 1217 (m) 1215 (w) 39 
t τCH2  1306 (w)  39 
νLi-SO2 1321 (w)  1321 (vw) 14, 30, 37 
νaSO2 (o.p.) 1366 (m) 1364 (m) 1368 (m) 30 ,37 
νSO2 (i.p.) 1386 (s) 1384 (s) 1378 (s) 30, 37 
δCH2 1434 (vw) 1431 (w) 1430 (w) 30, 39 
νCH2, νCH3 1471 (m) 1470 (m) 1462 (w) 30, 41 
Li2CO3 1510 (vw.br)  1500 (vw.br) 13, 26, 55 
amide, C=C 1657 (w) 1636 (w) 1638 (w) 57 
νCH2 (alkene) 1730 (vw.br)   38, 57 
νCH2 (alkene) 1752 (w)   38, 57 
νCH2, νCH3 (3° amine) 2853 (w) 2850 (w) 2848 (vw) 38, 43, 58 
νC-CH 2888 (w) 2898 (w) 2887 (vw) 38, 43 
νC-CH  2920 (w) 2918 (vw) 38 
νCH2, νCH2 (3° amine) 2931 (w)   30, 38, 39 
νCH2, νCH2 (3° amine) 2946 (w)  2944 (vw) 30, 38, 39 
νCH2 2979 (m) 2978 (w) 2978 (vw) 30, 39 
νLi-OH   3673 (vw) 13, 39, 55 
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Figure 5.35 – ex situ FTIR spectra after chemical interaction of a lithium surface with a 
LiBF4/[C3mPyr+][FSI-] mixture over a 12 day period. 
 
Figure 5.36 and Figure 5.37 represent XPS data for the LiBF4 salt 
system. Immediately a large amount of LiF can be seen as evidenced by the 
peak at ca. 685.1 eV. This is consistent with EDS values suggesting that the 
majority of LiF species is present at the surface and underlying layers. There 
is no band at 290 eV in the C 1s spectrum signifying that no Li2CO3 is at the 
surface which agrees with the FTIR assignments. 
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Figure 5.36 - ex situ XPS spectra for lithium, fluorine, carbon and nitrogen species after 7 
days exposure with LiBF4/[C3mPyr+][FSI-]. 
 
It is once again difficult to ascertain the appropriate speciation of 
sulphur in the SEI as FTIR data overlays both electrolyte and surface bound 
species. XPS data in Figure 5.37 suggests that Li2S is present as well as 
breakdown products from the cleaved FSI anions which remain trapped rather 
than bound. Boron is also present and is in the form of the [BF4]- anion, 
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supposedly trapped within the SEI structure. Thus a major LiF layer exists 
with inclusion of Li2S, and minor amounts of SO2F, [BF4]- and LiOH species. 
 
Table 5.14 – Summary of XPS binding energy and proposed assignments for lithium surface 
species after 7 days e xposure with LiBF4/[C3mPyr+][FSI-]. 
Species Binding Energy (eV) 
 Li 1s S 2p B 1s C 1s N 1s O 1s F 1s 
[C3mPyr]+    286.4 399.3   
(N-)SO2F  169.4   402.0 532.6 686.9 
C-H, C-C    285.0    
LiF 56.5      685.1 
LiOH 55.2     532.6  
Li0 52.5       
Li2S*  159.8      
BF4   192.7    686.4* 
*Tentative Assignment 
 
   
Figure 5.37 - ex situ XPS spectra for oxygen, boron, and sulphur species after 7 days exposure 
with LiBF4/[C3mPyr+][FSI-]. 
 
The FTIR data in Figure 5.38 shows after 4 days of lithium metal 
interaction with the LiPF6/[C3mPyr+][FSI-] system that cation reduction takes 
place with the loss of ring mode vibrations as well as the inclusion of bands 
representing alkene formation, 885 – 1003 cm-1, 1720 – 1760 cm-1 respectively. 
Continuing throughout the experiment little evidence of the cation remains at 
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the surface while sulphur species dominate the spectra. Therefore it is 
suggested that methylpyrrolidine is produced though may not take part in SEI 
formation via trapping. 
 Interestingly the broad band native to lithium at ca. 561 – 756 cm-1 
increases over time. As this band includes fluorinated species it has been 
assigned as Li-F and fits with previous EDS data signifying a large fluorine 
presence at the lithium surface after 7 days. 
 
Figure 5.38 – ex situ FTIR spectra after chemical interaction of a lithium surface with 
LiPF6/[C3mPyr+][FSI-] mixture over an 18 day period. 
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Table 5.15 - Assignment for the FTIR spectrum data for Li after interaction with 
LiPF6/[C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days 18 days  
νN-C, δsSO2  570 (s) 571 (s) 578 (s) 30, 37 
νLi-O~   593 (w)  14, 37, 44 
δaSO2 620 (vw)  619 (w) 611 (w) 30, 37 
νSF, νLiF 643 (vw)  643 (w) 641 (s) 26, 37 
νSNS 754 (m) 745 (m) 754 (m) 755 (w) 30, 40 
ρCH2, Ring mode 834 (m) 830 (m) 847 (m.sh) 840 (m) 39 
νLiPF6 850 (m.sh)  850 (m) 848 (m) 47 
Ring mode 880 (w) 881 (m) 883 (sh) 892 (vw.br) 30, 39 
Ring mode 916 (vw) 925 (m) 926 (vw)  30, 39 
Ring mode 940 (w)   938 (w) 30, 39 
Ring mode 968 (w) 970 (vw) 965 (w) 971 (vw) 30, 39 
Ring mode 1005 (w) 1004 (w) 1002 (w)  30, 39 
νaSNS 1041 (vw) 1040 (sh) 1044 (w) 1045 (sh) 30, 37, 40 
νaSO2-N-SO2 1110 (s) 1107 (s) 1114 (s) 1111 (s) 30, 37, 40 
νsSO2 , νLi-SO2  1148 (s)   14 
νSO2-N-SO2 1188 (vs) 1176 (vs) 1188 (vs) 1189 (vs) 30, 37, 40 
ρCH2 1219 (m) 1217 (m) 1218 (m) 1219 (m) 39 
νaSO2 (o.p.) 1365 (m) 1364 (m) 1364 (m) 1367 (m) 30, 37 
νSO2 (i.p.) 1387 (s) 1381 (s) 1387 (s) 1387 (s) 30, 37 
δCH2 1434 (vw) 1432 (w) 1434 (vw) 1433 (vw) 30, 39 
νCH2, νCH3 1469 (m) 1470 (m) 1469 (m) 1469 (m) 30, 41 
Li2CO3 1505 (vw.br) 1513 (vw.br) 1510 (vw.br)  13, 26, 55 
LiOH    1577 (vw.br) 13, 14, 56 
amide, C=C 1653 (w.br) 1628 (w) 1654 (w)  57 
νCH2 (alkene) 1726 (w)    38, 57 
νCH2 (alkene) 1754 (m) 1742 (vw)  1748 (w) 38, 57 
νCH2, νCH3 (3° amine) 2855 (vw) 2851 (vw) 2851 (w) 2854 (w) 38, 43, 58 
νC-CH 2887 (w) 2857 (w) 2888 (w)  38 
νC-CH  2920 (vw) 2923 (w) 2923 (w) 38 
νCH2, νCH2 (3° amine)   2947 (vw) 2946 (vw) 30, 38, 39 
νCH2 2978 (w) 2979 (m) 2977 (w) 2980 (w) 30, 39 
CH2-N-CH2 (2° amine)    3041 (vw) 57 
CH2-N-CH2 (2° amine)    3299 (vw) 57 
νLi-OH 3677 (vw)   3677 (w) 13, 39, 55 
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Adding to the fluorine abundance in the SEI is the LiPF6 salt and its 
reaction products (Li-PFx) formed with the surface signified by the strong 
bands present all time periods at ca. 845 cm-1. This species was represented as 
a shoulder in the electrolyte spectrum whereas after interaction with lithium it 
is a standalone peak suggesting reaction is occurring with the anion of this 
salt. The intensity for SO2 and SO2-N-SO2, in the FTIR at all time periods is 
also large and it is expected that the SEI formed is composed of many of the 
plausible [FSI]- anion breakdown products as well. 
The major Li 1s peak in Figure 5.39 at ca. 54.9 eV is indicative of either 
Li2CO3 or LiOH, though as no carbonate peak is present in the C 1s spectrum 
at ca. 290 eV LiOH is present by the process of elimination. Another major 
species in other XPS measurements that is missing from the SEI at this time 
period is the LiF species, due to the absence of Li 1s and F 1s peaks at ca. 56.0 
and 685.5 eV respectively. Thus the fluorine is attributed to the PF6 anion and 
its lithium reduced products. 
 The intensity of the O 1s and S 2p spectra shown in Figure 5.40 are all 
quite low in comparison to other systems suggesting that very little species 
containing these elements, namely LiOH, (N-)SO2F and SO2F occur at this 
time period. Table 5.16 lists the species present and their peak energies. 
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Figure 5.39 - ex situ XPS spectra for lithium, fluorine, carbon and nitrogen species after 7 
days exposure with LiPF6/[C3mPyr+][FSI-]. 
 
Table 5.16 – Summary of XPS binding energy and proposed assignments for lithium surface 
species after 7 days exposure with LiPF6/[C3mPyr+][FSI-]. 
Species Binding Energy (eV) 
 Li 1s S 2p P 1s C 1s N 1s O 1s F 1s 
[C3mPy]+     400.5   
(N-)SO2  170.4   403.2 533.1  
C-H, C-C    285.0    
Li2CO3 54.9   288.9  533.1  
Li0 52.5       
Li2S*  160.5      
PFx   135.7    688.1 
*Tentative Assignment 
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Figure 5.40 - ex situ XPS spectra for oxygen, boron, and sulphur species after 7 days exposure 
with LiPF6/[C3mPyr+][FSI-]. 
 
When studying the LiAsF6/[C3mPyr+][FSI-] mixture and the LiAsF6 
salt’s role in SEI formation there is the most variation from all other salts. A 
rather large oxygen response was determined via EDS after 7 days of 
interaction, indicating an abundance of LiOH or Li2CO3. From the FTIR data 
in Figure 5.41b there is in fact a rather large amount of Li2CO3 up until the 
12 day mark indicated by the band at ca. 1514 cm-1 yet little LiOH is detected 
until 18 days. The 18 day spectrum is dominated by a rather large LiF broad 
band at ca. 640 cm-1. Yet again, cation reduction is indicated by the ring mode 
bands diminishing, though not completely, suggesting ring cleavage isn’t 
complete. In fact, unlike previous systems where the alkene products of the 
Hofmann elimination would appear, the spectra show a 3° amine is only 
present, and may be evidence of propylpyrrolidine production which yields a 
methyl radical (rather than propane and propene). 
Bands representing sulphur species are at their most intense in the 
12 day sample and may refer to the adhered electrolyte that can be seen using 
SEM at this time period. Little evidence of LiAsF6 at the surface is identified, 
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with a band referring to Li-AsF6 at ca. 700 cm-1 initially, being dominated by 
the broader LiF response after 18 days. This can be explained by the reduction 
of LiAsF6 by lithium leaving the highly volatile AsF3 which would be removed 
from the surface into the bulk electrolyte. However the tarnished surface is 
usually an indication of the ‘brown film’ well known in the literature as being 
an arsenic-oxygen polymer with a known band at ca. 790 cm-1.20 We see no 
evidence of this band via FTIR studies and perhaps this reaction may not 
proceed to completion in this mixture, as polymerising precursors are not 
present.23 
 
Figure 5.41 – ex situ FTIR spectra after chemical interaction of a lithium surface with 
LiAsF6/[C3mPyr+][FSI-] mixture over an 18 day period. 
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Table 5.17 - Assignment for the FTIR spectrum data for Li after interaction with 
LiAsF6/[C3mPyr+][FSI-]. 
Assignment Frequency (cm-1) Reference(s) 
 4 hours 7 days 12 days 18 days  
νN-C, δsSO2 578 (s) 583 (w)   30, 37 
νLi-O~ 595 (w.br)    14, 37, 44 
δaSO2 615 (vw)  627 (vw) 625 (vw) 30 
νAs-F 703 (m) 702 (w)   7, 8, 9, 24 
νSNS 754 (m) 751 (m)   30, 40 
ρCH2, Ring mode 834 (m) 830 (m) 827 (m) 830 (m) 39 
Ring mode 880 (w) 870 (w.br) 867 (sh) 885 (vw.br) 30, 39 
Ring mode 903 (vw) 907 (vw)   30, 39 
Ring mode 939 (w) 939 (w) 937 (w) 940 (w) 30, 39 
Ring mode 970 (w) 973 (vw) 967 (vw)  30, 39 
Ring mode 1003 (w) 1002 (w) 997 (m) 1004 (m) 30, 39 
νaSNS 1047 (w.br) 1042 (sh) 1048 (w)  30, 37, 40 
νaSO2-N-SO2 1109 (s) 1102 (s) 1100 (s) 1100 (m) 30, 37, 40 
νSO2-N-SO2 1188(vs) 1175 (vs) 1174 (vs) 1179 (vs) 30, 37, 40 
ρCH2 1218 (m) 1215 (m) 1215 (w) 1216 (m) 39 
νaSO2 (o.p.) 1365 (m) 1360 (m) 1359 (m) 1362 (m) 30, 37 
νSO2 (i.p.) 1387 (s) 1378 (m) 1379 (s) 1383 (s) 30, 37 
δCH2 1434 (vw) 1431 (w) 1429 (w) 1432 (vw) 30, 39 
νCH2, νCH3 1472 (m) 1460 (w) 1460 (vw) 1464 (m.br) 30, 41 
Li2CO3 1509 (w.br) 1509 (vw.br) 1502 (vw.br) 1494 (vw) 13, 26, 55 
LiOH    1583(vw) 13, 14, 56 
amide, C=C 1663 (m) 1629 (m) 1644 (m.br) 1652 (vw) 57 
νCH2, νCH3 (3° amine) 2850 (w) 2850 (vw) 2850 (vw) 2852 (vw) 38, 43, 58 
νC-CH 2889 (m) 2887 (vw) 2888 (vw) 2888 (w) 38  
νC-CH 2918 (m)  2918 (vw) 2922 (vw) 38 
νCH2, νCH2 (3° amine) 2947 (w) 2944 (vw) 2944 (vw)  30, 38, 39 
νCH2 2980 (vw) 2977 (vw) 2975 (vw) 2974 (vw) 30, 39 
νLi-OH 3676 (m) 3674 (vw)  3675 (m) 13, 39, 55 
 
The F 1s peak at ca. 688.5 eV refers to fluorine in an environment other 
than LiF, with higher electronegativity than that of lithium. A tentative 
assignment for remnant AsFx species which has not been entirely removed 
from the SEI is suggested. This can be supported as the As 3d spectrum shown 
in Figure 5.42 does show weak peaks at ca. 46.6 eV which refers to Arsenic in 
an electronegative environment which fluorine can provide. The absence of 
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strong bands in the As 3d spectrum is indication that As does not in fact take 
part into the SEI, as the AsFx species is preferred to be removed in the bulk 
electrolyte. 
 
  
     
Figure 5.42 - ex situ XPS spectra for lithium, carbon, fluorine, and arsenic species after 7 days 
exposure with LiAsF6/[C3mPyr+][FSI-]. 
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Table 5.18 – Summary of XPS binding energy and proposed assignments for lithium surface 
species after 7 days exposure with LiAsF6/[C3mPyr+][FSI-]. 
Species Binding Energy (eV) 
 Li 1s S 3d A 1s C 1s N 1s O 1s F 1s 
[C3mPyr]+    286.9 399.6   
(N-)SO2F  169.9   402.7 532.6 685.5 
C-H, C-C    285.1    
AsFx*   46.6    688.5 
Li2CO3 55.4   289.9  532.5  
Li0 52.4       
Li2S*  160.0      
C-Li*    283.6    
*Tentative Assignment 
 
  
Figure 5.43 - ex situ XPS spectra for oxygen, boron, and sulphur species after 7 days exposure 
with LiPF6/[C3mPyr+][FSI-]. 
5.5.3 Proposed mechanism of lithium SEI formation with salt 
inclusion. 
Each of the following proposed mechanisms have their own particular 
pathways, as the salts dictate the chemical reaction with lithium unlike in the 
previous section where bulk [C3mPyr+][FSI-] was the main driving force. The 
LiBF4/[C3mPyr+][FSI-] mixture causes the lithium metal to fracture, as the 
contaminants of trace water and HF which are unavoidably present, react with 
the lithium native film to form LiF. As LiBF4 has been used in battery 
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electrolytes in the past, the reactions that it takes part in with commercial 
solvents are well known. Therefore we may assume that similar reaction 
pathways occur in RTIL.5,16 The HF impurity can provide the surface with the 
components it requires to undergo the following reactions: 
 
 
 
 
5.7 
 
5.8 
Increasing the salt concentration can also result in decomposition to provide 
the system with more HF and LiF formation. 
 
 
 
 
5.9 
 
5.10 
After 4 days of interaction the surface appeared fractured, by 7 days the 
fractures and grain boundaries were occupied by deposited species, and by 
12 days the surface appeared similar in morphology to that of the lithium 
native film. It is plausible then to adopt a mechanism whereby the electrolyte 
is preferentially reacting with fractured areas to produce the SEI. Leroy et al. 
who have used a LiBF4/carbonate electrolyte to study SEI formation have 
suggested that the electrode (under potential bias) is covered by a large SEI 
including Li2CO3 and minimal LiF.61 Ismail et al. also make the same 
postulation, that through fractures a large lithium carbonate layer is 
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formed/revealed and embedded with LiF and LiOH.19 The difference in this 
LiBF4/[C3mPyr+][FSI-] system is that very little evidence for LiOH was found 
via FTIR, though this is to be expected as the carbonate electrolytes used by 
Ismail et al. provide a larger amount of available oxygen. After 12 days of 
exposure the lithium surface has undergone a complete rearrangement 
involving roughing/fracturing and smoothing steps where the electrolyte 
behaves as both a corrosive and healing agent. A large LiF, Li2CO3 abundance 
is observed attributed to fracturing of the lithium native film and allowing 
access to Li2CO3 beneath, shown in Figure 5.44. 
Spectroscopy shows that [FSI]- moieties are involved within the SEI and 
are likely to be trapped within pits or the porous structures observed after 7 
days. A negligible Boron response in the B 1s XPS spectra suggests that 
cleavage of the [BF4]- anion to form LiF leads to entrapment of this species, 
allowing further reaction. Cation reduction is shown to proceed via a Hofmann 
elimination culminating in methylpyrrolidine production. 
As like the LiBF4 salt, LiPF6 contains a HF impurity, which is increased 
with trace water even at low concentrations. Thus the equations previously 
outlined can be adjusted to show LiPF6 reduction to form HF and LiF and 
hydrolysis to form HF and H2 gas: 
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Figure 5.44 - Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with 0.5 m LiBF4/[C3mPyr+][FSI-]. 
 238 
 The concentration of LiF increases in abundance in each sample 
measured by both FTIR and XPS. This is true even after stripping of the 
lithium native surface is seen after 7 days. This stripping is likely to be taking 
place in areas with high Li2CO3 abundance as post stripping no evidence of 
lithium carbonate is detected. At the 12 day mark the electrolyte persists at 
the lithium surface and rod shaped structures are observed to pierce through 
the liquid. These structures are thought to possibly be detrimental to the 
lithium surface if used in lithium cycling. However, after 18 days the rough is 
once again smoothened encapsulating RTIL and salt anion moieties and traces 
of LiOH. 
 The LiAsF6 salt performs differently than other systems, depicted in 
Figure 5.46, evident from the 4 hour SEM micrographs. Three distinct 
morphologies with a variety of nucleation sites are present after electrolyte 
interaction, roughening and smoothing different areas. At this time both LiF 
and Li2CO3 species are detected in spectroscopic measurements. After 7 days 
the surface is dominated by structures which resemble the coral features 
observed in the LiTFSI system causing pitting and grain boundaries to form. A 
large amount of [FSI]- moieties are also detected in this surface film via FTIR. 
By 12 days electrolyte has become adhered to the highly porous coral 
structures with an increase of lithium carbonate. After 18 days residual 
electrolyte does not remain at the surface, instead trapped electrolyte 
breakdown products plug the porous structure across the entire lithium 
surface. The amount of LiF increases whilst Li2CO3 decreases. FTIR bands 
suggest propylpyrrolidine is formed via cation reduction. 
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Figure 5.45 - Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with 0.5 m LiPF6/[C3mPyr+][FSI-]. 
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Figure 5.46 - Schematic representation of the SEI formed at the lithium surface after 18 days 
of interaction with 0.5 m LiAsF6/[C3mPyr+][FSI-]. 
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5.6 Conclusions. 
The SEI which forms in [C3mPyr+][FSI-] is highly dependent upon the 
salt included in the electrolyte. Thus there are many reduction pathways that 
can be used to describe the mechanism of salt/RTIL mixture breakdown 
leading to lithium passivation film formation. With the addition of salt there is 
a variety of concomitant changes that are occurring contributing to the 
dynamic product of the solid-electrolyte interphase comprising of (i) RTIL 
reaction for the cation and anion, (ii) salt anion reaction and (iii) salt anion 
breakdown. As such the SEI formed using neat [C3mPyr+][FSI-] exhibits a 
dynamic morphology change from smooth (4 hours) to rough (12 days), and 
then smoothened again after 18 days. The major contributions to SEI 
composition after 18 days are LiF, LiOH and RTIL breakdown products 
including methylpyrrolidine via Hofmann elimination. 
 The LiFSI and LiTFSI salt inclusion affected SEI formation diversely. 
The LiFSI salt is shown to cause excessive fracturing and peeling of the 
surface layers of the lithium metal after 7 days. From this point onwards no 
peeling is observed, the surface is covered in nucleation sites providing a 
roughened morphology with ribbon structures also present. The cation 
breakdown produces methylpyrrolidone whilst [FSI-] anion breakdown 
products and LiF are the major components of the rough SEI after 18 days. 
The LiTFSI salt appears to react more aggressively with lithium metal as 
large pits and fracturing occurs throughout the metal. After a smoothing 
mechanism which occurs after 12 days, the smooth surface after 18 days is 
observed to contain clusters of nucleation structures.  LiF, anion moieties, 
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butylpropylmethylamine and LiOH are once again in abundance upon the 
surface whilst no Li2CO3 is detected at this time. Neither of these electrolytes 
produced a large surface component of Li2CO3 after 18 day interaction. 
 The remaining salts interacted differently suggesting that salt 
interaction is preferential to that of RTIL when using these salts. As LiBF4 
and LiPF6 have HF impurities and a propensity to reduce in the presence of 
trace water to increase HF concentration the surface for these two SEI systems 
were both restructured by the strong acid. LiBF4 fractured the lithium metal 
after only 4 hours of interaction providing areas rich in grain boundaries for 
nucleation to occur by 7 days. The SEI is composed of Li2CO3 in a majority 
with a small LiF component and cation reduction produced methylpyrrolidine.  
The rough morphology was then smoothened by electrolyte after 12 days. This 
SEI was observed to include entrapped LiF whilst a large component of the 
surface was covered in residual electrolyte. The LiPF6 salt also promoted a 
rough morphology after only 4 hours with signs of nucleation taking place, in 
arrangements of equidistant spaced lines. After 7 days the surface showed 
signs of stripping similar to those in the LiFSI formed SEI. By 12 days sharp 
rods were present upon the surface. End results provided a rough morphology 
with nucleation sites, with pores of the structures filled with electrolyte. There 
is a large composition of LiF, salt anion, and LiOH on the surface, with the 
highest fluorine content of all the salts used. The cation reduction produced a 
methylpyrrolidine tertiary amine. 
 The LiAsF6 salt affected SEI formation differently to all other cases with 
near complete coverage of the lithium surface from nucleation after 7 days. 
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Smoothing of the surface at 12 days with a coating of electrolyte developed a 
lithium morphology completely dominated by porous nucleation sites which 
include vast amounts of anion moieties as well as residual electrolyte. The 
coral species appear to harbor these components within its porous structure. 
This layer has an abundance of LiF with a decrease in the amount of Li2CO3. 
FTIR data suggests propylpyrrolidine is formed via cation breakdown. 
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Chapter VI 
 
Extensive cycling of lithium metal 
electrodes using N-propyl-N-methyl-
pyrrolidinium bis(fluorosulfonyl)imide 
based electrolytes. 
6 Extensive cycling of lithium metal electrodes using N-
propyl-N-methyl pyrrolidinium 
bis(fluorosulfonyl)imide based electrolytes. 
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6.1 Introduction and aims. 
In order to develop lithium metal battery technologies, efficient 
reproducible charge-discharge cycling of the lithium metal anode must first be 
achieved.1 Utilising the RTILs inherent properties of low vapour pressure, 
thermal stability and flame retardancy lithium metal batteries may be 
effectively cycled and avoid risks such as thermal runaway and undesired 
reactions between battery components and traditional organic electrolyte. The 
main concern and drawback in the use of lithium metal anodes is thermal 
runaway and short circuiting which may occur due to the dendritic plating of 
lithium during the charge cycle when using conventional electrolytes.2,3 
Research into the development of highly safe lithium metal batteries is taking 
place in several laboratories, with a wide variety of RTILs being studied for 
the purpose of realizing the theoretical capacity of lithium (3680 mA h g-1).4-7  
A considerable amount of research has focused on the cause of dendritic 
nucleation-growth and the composition and structure of the SEI forming 
during cycling, not only for conventional electrolytes,8-10 but also those based 
on RTILs.11-14 The lithium salts included in these studies are those of a limited 
variety including lithium hexafluoroarsenate (LiAsF6), Lithium 
hexafluorophosphate (LiPF6), lithium tetrafluoroborate (LiBF4), lithium 
bis(fluorosulfonyl)imide (LiFSI), lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) lithium perchlorate (LiClO4) as well as lithium 
trifluoromethanesulfonate (LiOSO2CF3), though none of these salts have 
assisted in resolving the issue of dendrite formation in organic electrolytes 
thus far.15,16 In the previous chapter the chemical formation of the SEI at 
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lithium metal was documented in detail for the RTIL N-propyl-N-methyl 
pyrrolidinium bis(fluorosulfonyl)imide including LiFSI, LiTFSI, LiBF4, LiPF6 
and LiAsF6 salts. The presence of each salt in the RTIL resulted in a slightly 
different SEI formation mechanism in terms of morphology and composition 
but with many similarities due to the constant [C3mPyr+][FSI-] solvent 
effects.17 The SEI formed at the lithium anode aids the cyclability of a cell, 
based upon the SEI’s ability to protect the bulk lithium metal from further 
reaction with the electrolyte assisting with smooth plating and stripping of Li 
metal during charge/discharge.18 In the case of energy storage devices, the 
number of charge-discharge cycles is the most important factor in its 
performance evaluation, as well as capacity fade and coulombic efficiency.19 
Lithium-ion batteries in commercial use, comprising of organic electrolytes, 
produce ca. 1000 cycles, in order to provide a lithium metal battery technology 
which can rival conventional lithium-ion cells this number of cycles must be 
achieved using RTIL based electrolytes. 
Applying the knowledge from the previous chapter on the composition of 
the SEI formed on lithium using RTIL based electrolytes to the cycling of 
lithium metal in symmetrical coin cells will assist in further developing the 
prospects of this lithium metal battery. The LiFSI and LiTFSI salts have been 
cycled in symmetrical cells,12-14,20,21 and have provided added anodic 
stability.20,21 Furthermore LiBF4 salt has been used to successfully cycle 
lithium metal over large time frames.13 This chapter seeks to gain insight on 
the symmetrical cell cyclability of lithium metal in different electrolytes as 
well as several SEIs which have been formed via chemical reaction pathways 
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prior to cycling in order to ascertain the contributions of salt, SEI formation 
time, current density and shelf life to the efficiency of lithium metal batteries. 
6.2 Cycling of symmetrical cells using pre-treated lithium 
composed of chemically formed SEI species. 
This section studies the cycling behaviour of lithium metal that already 
includes an SEI formed without potential bias using salts in room temperature 
ionic liquids discussed in the previous chapter. The five chemically formed SEI 
by electrolyte include; LiFSI/[C3mPyr+][FSI-] and LiTFSI/[C3mPyr+][FSI-], 
LiBF4/[C3mPyr+][FSI-], LiPF6/[C3mPyr+][FSI-] and LiAsF6/[C3mPyr+][FSI-]. 
Each of these systems provided a different SEI morphology and composition; it 
is believed that the cycling behaviour will vary significantly depending on the 
SEI formed on the Li anode. All symmetrical cells were constructed using two 
SEI|Li electrodes formed using the same electrolyte which all cycling was 
carried out using. SEI were characterised post cycling via FTIR and SEM. 
6.2.1 Effect on cycling behaviour of the chemically formed SEI 
using RTIL based electrolytes after twelve hours. 
Prior to any cycling of symmetrical coin cells, each of the cells was 
allowed to rest at open circuit for 12 hours to facilitate SEI formation. In the 
previous chapter evidence of SEI formation took place by 4 hours, hence 
sufficient time has passed for this reaction to take place in these symmetrical 
cells. The opening charge-discharge cycles appear to be unstable, though after 
an initial reorganisation of the surface into a different morphology this voltage 
instability subsides. Bhatt et al. determined that voltage spikes observed in 
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such cycling studies pertained to surface reorganisation rather than dendrite 
formation which would in turn leads to short circuiting of the battery.20-22 
Square wave profiles are achieved as this initial voltage spike behaviour 
diminishes. 
Over the first 1400 cycles (700 hours) the V-t response contains a 
periodic feature with a time period of 24 hours (Figure 6.1). This data has been 
explained by a cell impedance contribution from the electrolyte, which is 
undergoing temperature fluctuations. The impedance of the electrolyte is 
rising and falling in line with ambient temperature undulations. After every 
five periodic rises in voltage there is a 6th and 7th referring to a weekend where 
the temperature is coolest, and therefore polarization is highest. Interestingly 
this periodic behaviour is lost beyond 1500 cycles as the aforementioned 
morphological reorganisation provides a larger contribution to cell impedance. 
Cell impedance includes not only electrolyte, but also electrolyte confined 
within a complex element, in this case the reorganising SEI layer. Such a 
convoluted species generates rather large impedance in comparison to bulk 
electrolyte such that in this system the bulk electrolyte no longer becomes a 
major factor after 1500 cycles (750 hours). 
The voltage drop after ca. 2020 cycles signifies reorganisation to an SEI 
with less resistance though this is only provided for ca. 500 cycles. After 
further voltage spiking at ca. 4200 cycles (2400 hours) the resistance levels out 
to ca. 11 Ohm.  Noteworthy is the absence of voltage spikes and subsequent 
massive voltage drops indicative of a cell which has not undergone dendrite 
formation even after 5000 cycles. 
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Figure 6.1–Voltage-time plot of Li|LiFSI/[C3mPyr+][FSI-]|Li symmetrical cell cycled for 5000 
cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 12 hours. † 
 
Studies conducted on pristine lithium films,20,21 without pre-treatment 
via SEI formation, showed a lower cell voltage than this cell that was allowed 
to react with LiFSI/[C3mPyr+][FSI-]  for 12 hours prior to cycling at open 
circuit. In that study the pristine lithium metal systems provided a 2 mV 
polarization compared to the ca. 25 mV observed in this cell (Figure 6.1). Even 
though the overall resistance is higher after pre-treatment, the benefit is 
stable cycling behaviour. This is to be expected since Chapter V showed that 
the SEI consisted of chemical reaction products which are non-conducting thus 
inherently decreasing surface metal conductivity.  
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Electrode resistance calculated via EIS for these cells are presented in 
Table 6.1. For the cell cycled in LiFSI/[C3mPyr+][FSI-] a value of 53 Ω cm2 
refers to the SEI which has been allowed to form for 12 hours onto the lithium 
metal, which is once again higher than the pristine values. Upon achieving 
5000 cycles the electrode impedance drops, providing a lower impedance of 25 
Ω cm2 (Figure 6.2), suggesting that during cycling of a lithium metal electrode 
in this electrolyte rearrangement of the surface morphology accelerates. 
 
Figure 6.2 – Plot of typical Nyquist plots for Li|LiFSI/[C3mPyr+][FSI-]|Li cells pre (○) and 
post (●) cycling for 5000 cycles.  
 
SEM images of the lithium surface post cycling in LiFSI/[C3mPyr+][FSI-] 
are shown in Figure 6.11 which look quite similar to the chemically formed 
SEI from the same electrolyte in Figure 5.21. During cycling at a current 
density of 0.1 mA cm-2 the deposition of 6.9 µg cm-2 of lithium takes place (0.04 
 % of the electrode weight). The surface is rough, and the amount of species 
upon the surface is much larger than in the SEI formed chemically. No 
residual electrolyte is observed in this SEI, presumably due to the extended 
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period of cycling which has occurred, the electrolyte may be excluded from a 
more compact and thicker SEI which is shown to be stable in this system after 
700 hours under potential bias (Figure 6.1) and may no longer play a major 
role in SEI formation. The inset in Figure 6.3b shows lithium structures 
electrodeposited during charging which are not dendritic. 
 
Table 6.1 – Electrode impedance as a function of cycle number for electrodes pre-treated with 
chemical SEI formation for a period of 12 hours. 
Current density 
(mA cm-2) 
Cycle Number 
(applied) 
Lithium electrode 
resistance (Ω cm2) 
LiFSI/[C3mPy+][FSI-] 
 0 53 
0.1 5000 25 
LiTFSI/[C3mPy+][FSI-] 
 0 19 
0.1 5000 * 
LiBF4/[C3mPy+][FSI-] 
 0 17 
0.1 5000 104 
LiPF6/[C3mPy+][FSI-] 
 0 53 
0.1 5000 * 
LiAsF6/[C3mPy+][FSI-] 
 0 78 
0.1 5000 14 
* data immeasurable 
 
 
 
Figure 6.3 - Typical SEM micrographs of the lithium electrode after 5000 cycles in 
LiFSI/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same electrolyte. Scale bars 
correspond to 50 µm (inset scale bar: 10 µm). 
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 The absence of dendritic growth is beneficial to the life of a secondary 
lithium metal cell, as piercing of the separator material cannot occur. However 
as shown in Figure 6.4 electrolyte breakdown species are observed within the 
separator pores. Though their presence at the separator suggests bridging may 
be occurring over the 5000 cycles, this cell continued cycling without any 
appreciable voltage spikes, thus these species are attributed to electrolyte 
breakdown species which become detached from the lithium metal. 
Interestingly, the separator also included large fragments of lithium metal 
(determined via EDS) lodged within the pores and are attributed to those 
lithium species which are stripped from the surface during discharge, or, 
possibly due to the lithium surface which has been observed to fracture and 
flake off the electrode. It should be noted that the internal pressure of the coin 
cell is very high and any particles which come loose could stick to the 
separator during/after cycling. 
 
 
Figure 6.4 - Typical SEM micrographs of the separator after 5000 cycles in 
LiFSI/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same electrolyte. Scale bars 
correspond to 50 µm (inset scale bar: 10 µm). 
 
 256 
The voltage-time profiles of symmetrical cells (Li pre-treated for 12 
hours) using the LiTFSI/[C3mPyr+][FSI-] electrolyte are shown in Figure 6.5 
where cycling ceased after ca. 2000 charge-discharge cycles. At 1960 cycles, 
variability in cycling is observed (Figure 6.5 top right inset) and galvanostatic 
square wave regime resumed. After 15 hours the cell began to cycle with 
approximately the same polarisation of ca. 15 mV. This cycling only occurred 
for a further 60 cycles with large fluctuations in potential (bottom right inset), 
culminating in cell failure throughout the remainder of the charge-discharge 
regime. 
Electrode impedance of 19 Ω cm2 for this cell was lower than for the cell 
where SEI formed in the LiFSI/[C3mPyr+][FSI-] case. Post cycling the 
resistance of the cell was unable to be measured which is shown in Figure 6.6 
by a noisy signal which is unable to be interpreted presumably due to the cell 
failure. Micrographs of the electrode surface were quite similar to the 
LiFSI/[C3mPyr+][FSI-], indicated in Figure 6.7a, however extreme amounts of 
fracturing are also observed (Figure 6.7b).  
 
 257 
 
Figure 6.5–Voltage-time plot of Li|LiTFSI/[C3mPyr+][FSI-]|Li symmetrical cell cycled for 
5000 cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 12 hours. 
 
 
Figure 6.6 – Plot of typical Nyquist plots for Li|LiTFSI/[C3mPyr+][FSI-]|Li cells pre (○) and 
post (●) cycling for 5000 cycles. 
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The separator is also different, as distinguished by structures which 
dominate the surface (Figure 6.8). Areas of the separator were also detected 
with low amounts of this species (Figure 6.8b). This species may be responsible 
for cell failure when allowed to cover a majority of the separator, impeding the 
flow of Li+ ions. 
 
Figure 6.7 - Typical SEM micrographs of the lithium electrode after 5000 cycles in 
LiTFSI/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same electrolyte. Scale bars 
correspond to 50 µm (inset scale bar: 10 µm). 
 
Figure 6.8- Typical SEM micrographs of the separator after 5000 cycles in 
LiTFSI/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same electrolyte. Scale bars 
correspond to 50 µm (inset scale bar: 10 µm). 
 
The symmetrical cell cycled with the LiBF4/[C3mPyr+][FSI-] electrolyte 
also completed 5000 cycles effectively, with the lowest polarisation of all cells 
(5 mV) that had a 12 hour chemical SEI formation (Figure 6.9). The 
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restructuring SEI was also accelerated in this system, as the periodic 
temperature fluctuations were not observed after ca. 750 cycles 
(ca. 400 hours). Evidence of voltage spikes did occur frequently throughout the 
charge-discharge regime, however no cell failure was detected. Impedance data 
recorded prior to cycling of the cell showed an electrode resistance of 17 Ω cm2 
whilst post cycling the impedance was difficult to measure, shown in Figure 
6.10, and calculated to be much larger 104 Ω cm2, taken to be half the width of 
the first semi-circle multiplied by the electrode area. 
 
 
Figure 6.9–Voltage-time plot of Li|LiBF4/[C3mPyr+][FSI-]|Li symmetrical cell cycled for 5000 
cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 12 hours.‡ 
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Figure 6.10 – Plot of typical Nyquist plots for Li|LiBF4/[C3mPyr+][FSI-]|Li cells pre (○) and 
post (●) cycling for 5000 cycles. Inset shows pre-cycling impedance data. 
  
This symmetrical cell with an SEI formed for 12 hours using 
LiBF4/[C3mPyr+][FSI-] displays SEM micrographs similar to both cases 
observed previously using the LiFSI and LiTFSI salts. The morphology of the 
lithium metal after cycling has undergone a large amount of fracturing with 
nucleation sites occurring over the majority of the surface, not only 
constrained to grain boundaries (Figure 6.11a). The separator however is 
visually quite similar to that of the one removed from the LiFSI symmetrical 
cell after 5000 successful cycles. Evidence of electrolyte breakdown is visible 
within the pores, but significantly less than the LiTFSI case. Lithium metal is 
also present, though not sufficient enough to cause cell failure. 
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Figure 6.11 - Typical SEM micrographs of the (a) lithium electrode and (b) separator, after 
5000 cycles in LiBF4/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same 
electrolyte. Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
 A large overpotential is detected in the V-t profile for the symmetrical 
cells fabricated using the LiPF6/[C3mPyr+][FSI-] nearing 40 mV, the highest 
seen for these cells utilising a 12 hours old chemical SEI (Figure 6.12). 
Reorganisation of the surface morphology occurs  after cycling as noted in 
previous cells, though this cell behaves differently with voltage instability 
detected as early as 1000 cycles (500 hours), behaving similarly to the 
LiTFSI/[C3mPyr+][FSI-] cell. This voltage instability increases until 
ca. 1600 cycles where cell failure occurs. Interestingly after a period of 
ca. 1000 hours the cell begins to cycle unlike in the LiTFSI/[C3mPyr+][FSI-] 
system where cell failure was permanent. The cell cycled ineffectively for ca. 
30 cycles before failing permanently.  
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Figure 6.12–Voltage-time plot of Li|LiPF6/[C3mPyr+][FSI-]|Li symmetrical cell cycled for 
5000 cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 12 hours. 
  
EIS data was unable to be recorded for the cell post cycling, as like the 
LiTFSI system, though prior to cycling the electrode resistance was 53 Ω cm2. 
Similar to all EIS measurements made thus far, the electrode pre-treated with 
LiPF6/[C3mPyr+][FSI-] electrolyte for 12 hours displays a depressed primary 
semi-circle pertaining to the resistance of both lithium electrodes independent 
of active area (Figure 6.13). 
The SEM micrographs of the lithium electrode are similar to the 
LiBF4/[C3mPyr+][FSI-] system with fracturing of the surface taking place after 
cycling. Figure 6.14b shows a separator dominated by breakdown products, 
 263 
within the pores (as seen for LiTFSI/[C3mPyr+][FSI-]), suggesting that this 
high coverage of the separator is the mechanism for cell failure. 
 
Figure 6.13 – Plot of typical Nyquist plots for Li|LiPF6/[C3mPyr+][FSI-]|Li cells pre (○) and 
post (●) cycling for 5000 cycles. 
 
 
Figure 6.14 - Typical SEM micrographs of the (a) lithium electrode and (b) separator, after 
5000 cycles in LiPF6/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same 
electrolyte. Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
 
The V-t profile for the LiAsF6/[C3mPyr+][FSI-] system is shown in Figure 
6.15. The cell cycling behaviour begins in similar fashion to each of the 
previously described symmetrical cells, and completes 5000 charge-discharge 
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cycles effectively. Signs of voltage instability are observed at various points, ca. 
1500, 3400 and 4700 cycles which culminate in voltage drops until a value of 
15 mV is reached. Prior to cycling the electrode resistance was measured to be 
78 Ω cm2, which drops to 14 Ω cm2 post cycling (Figure 6.16). 
As the symmetrical cell cycles effectively over the 5000 cycles there is 
little species present within the separator pores, which could lead to cell 
cycling failure (Figure 6.17a). Figure 6.17b displays an electrode morphology 
which is fractured, with signs of nucleation taking place not only at grain 
boundaries, much like the LiBF4 cell. 
 
Table 6.2 – Electrode impedance as a function of cycle number for electrodes pre-treated with 
chemical SEI formation for a period of 12 hours. 
Current density 
(mA cm-2) 
Cycle Number 
(applied) 
Lithium electrode 
resistance (Ω cm2) 
LiFSI/[C3mPy+][FSI-] 
 0 53 
0.1 5000 25 
LiTFSI/[C3mPy+][FSI-] 
 0 19 
0.1 5000 * 
LiBF4/[C3mPy+][FSI-] 
 0 17 
0.1 5000 104 
LiPF6/[C3mPy+][FSI-] 
 0 53 
0.1 5000 * 
LiAsF6/[C3mPy+][FSI-] 
 0 78 
0.1 5000 14 
* data immeasurable 
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Figure 6.15 – Voltage-time plot of Li|LiAsF6/[C3mPyr+][FSI-]|Li symmetrical cell cycled for 
5000 cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 12 hours. 
 
Again there are few species present within the separator pores, which 
supports the assumption that clogging of the separator leads to cell failure 
(Figure 6.17a). Figure 6.17b shows a SEM micrograph of the electrode which is 
fractured, with signs of nucleation taking place all over the surface which is 
very similar to the LiBF4 case. 
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Figure 6.16 – Plot of typical Nyquist plots for Li|LiAsF6/[C3mPyr+][FSI-]|Li cells pre (○) and 
post (●) cycling for 5000 cycles. 
 
 
Figure 6.17 - Typical SEM micrographs of the (a) separator and (b) lithium electrode, after 
5000 cycles in LiAsF6/[C3mPyr+][FSI-] using an SEI formed after 12 hours in the same 
electrolyte. Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
 
The order of stability for the Li|Li|SEI system covered in Chapter IV is 
LiBF4 > LiAsF6 > LiFSI > LiTFSI > LiPF6, where a secondary reduction process 
was present in several of the electrolyte systems, appearing immediately upon 
cycling in LiTFSI and LiPF6 electrolytes. That process is suggested to 
represent the chemical SEI formation which complicates 
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electrodeposition/electrodissolution of lithium at a lithium electrode. The data 
collected in this study for charge-discharge cycling of the lithium electrode 
provides an order of stability as follows: LiBF4>LiFSI>LiAsF6>LiPF6>LiTFSI 
based upon, voltage stability, overpotential, electrode impedance and cycle 
lifetime. This indicates a goodness of fit with order of stability for the 
Li|Li|SEI system suggesting that the experiments carried out in the three-
electrode setup can very well be used as a screening tool for the 
appropriateness and application of electrolytes in lithium metal batteries. 
6.2.2 Additional measurements of the LiFSI symmetrical cell. 
Given that the cell based on Li pre-treated for 12 hours in 
LiFSI/[C3mPyr+][FSI-] was successfully cycled for 5000 cycles additional 
experiments were undertaken to understand the origin of the stability. An 
impedance study on an uncycled symmetrical cell which is resting at open 
circuit potential is shown in Figure 6.18. The impedance of such a cell 
increases immediately upon fabrication, with a starting value of ca. 20 Ω cm2 
rising to 60 Ω cm2 within a single day. An impedance of 100 Ω cm2 is reached 
after 5 days of rest which remains stable until 14 days at which time there is a 
steady drop to ca. 80 Ω cm2 until 18 days. The breakdown products as 
described in the previous chapter, i.e. LiF, LiOH, and anion moieties from the 
[C3mPyr+][FSI-] have inherently lower conductivity than lithium metal, thus 
an increase in surface resistance is attributed to their presence in the 
chemically formed SEI, as SEI formation increases, or surface reorganisation 
occurs as seen in Figure 6.19, the impedance values alter accordingly. 
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The SEM micrographs of the Li anode of this symmetrical cell are 
similar to the chemically formed SEI on Li foil from Chapter 5, (Figure 5.21) 
where an underlying smooth surface is dotted with micron sized structures. 
However, after 30 days of interaction with the electrolyte the deposits have 
grown larger, with evidence of such structures finding their way into the 
separator (RTIL wetted). As seen in the LiFSI/[C3mPyr+][FSI-] symmetrical 
cell system which has undergone cycling this low coverage of the separator is 
not detrimental to cycling behaviour. 
 
Figure 6.18 – Plot of lithium electrode resistance vs. time (EIS data). Inset plot of typical 
Nyquist plots for uncycled Li|LiFSI/[C3mPyr+][FSI-]|Li cells at open circuit potential stored at 
room temperature for 10 days. † 
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Figure 6.19 - Typical SEM micrographs of the (a) lithium electrode and (b) separator, after 30 
days symmetrical cell at open circuit. Scale bars correspond to 50 µm (inset scale bar: 10 µm). 
 
In order to ascertain more information on the electrolyte within the 
symmetrical cell at resting conditions [C3mPyr+][FSI-] and pristine lithium 
metal (polished) were placed in contact with one another inside of an 
electrochemical cell. The ratio of electrolyte to lithium metal was kept equal to 
that of the symmetrical cell conditions (104 cm2 surface area of lithium metal 
within 4 mL electrolyte). The concentration and likely liberation of Li+ was 
monitored electrochemically by using cyclic voltammetry and 
chronoamperometry at a Pt indicator working electrode immersed in the same 
electrolyte. The lithium metal was allowed to rest at open circuit potential, 
while a platinum wire counter electrode was used, and a Ag|Ag+ (10 mM 
AgOTf in [C4mPyr+][TFSI-]) reference electrode was present. 
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Over a 200 hour experiment, CA data gathered was used to generate Figure 
6.20a. The concentration of Li+ ions in the electrolyte during lithium metal 
interaction with the electrolyte was estimated by rearranging the Cottrelian 
equation to determine  using equation 6.1: 
  
 
 
6.1 
The data was acquired by stepping the Pt electrode into the region of 
lithium reduction and analysing the I-t decay in accordance with established 
theory.23,24 An estimate of the Li+ concentration can be made from the slope of 
the Cottrelian decay ( ) if the growth in electrode area due to lithium metal 
electrodeposition is neglected. Using a reported diffusion coefficient, , for Li+ 
in RTIL media (1.1 × 10-7 cm2 s-1)20 the Cottrelian equation can now be solved. 
As with all systems observed thus far, immediate changes are observed, in this 
case the calculated [Li+] = 0.47 m and is near to the experimentally employed 
value of 0.50 m and rises to 0.60 m. For the entire experiment the 
concentration remains at this higher value. The reasoning for this 
phenomenon may be as follows: (i) the chemical reaction with the neat RTIL 
causes the perceived Li+ concentration to rise as the RTIL is decomposed or (ii) 
the chemical reaction taking place at the lithium metal liberates soluble Li+ 
species into solution. It is likely that the latter is occurring as the former 
would require a rather large amount of [C3mPyr+][FSI-] decomposition to alter 
the concentration so strongly. The lithium cation would still be consumed by 
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some processes, such as the balancing of oxygen and fluorine species, though 
an overall increase in concentration is detected. 
This result suggests that the chemical interaction taking place on the 
lithium metal remains stable over the 200 hour time frame preventing further 
reaction to take place in line with previous studies, as well as those in the 
previous chapter.12,25 Most importantly, this study concludes that a continued 
chemical reaction which would use all remaining electrolyte does not occur, 
which supports this electrolyte/RTIL as a candidate for long term cycling of the 
lithium anode in secondary lithium metal battery technologies. This is not the 
case for conventional carbonate based electrolytes, which undergo continual 
reaction at the unstable lithium causing inevitable electrolyte decomposition. 
Furthermore, [C3mPyr+][FSI-] has been shown to cycle best at higher Li+ 
concentration20,26,27 and this Chapter has shown no dendritic growth, both 
beneficial factors for the fabrication of lithium metal secondary cells. 
 Additional details on the reaction between [C3mPyr+][FSI-] and the 
lithium metal was obtained by recording cyclic voltammograms at the Pt 
electrode as a function of time. Figure 6.20b shows selected CVs recorded in 
the first 22 hours of interaction time. The importance in this figure lies in the 
absence of any contaminant contributing species to the CV other than the 
REDOX behaviour of Li+/Li0 at cycled the Pt electrode and is purely 
qualitative. However, Figure 6.20c shows CVs recorded during the initial 1.5 
hours of interaction. Disregarding peak shape and position for both the 
reduction and oxidation processes it is possible to compare the charge passed 
with each time period for both REDOX processes which increase over the 1.5 
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hour period. This coulombic efficiency is displayed in Figure 6.20d and shows 
the efficiency of the plating and stripping remains within the confines of ca. 80 
to 100 % over the 200 hour experiment time. Wibowo et al. in their study noted 
coulombic efficiency near ca. 70 % for plating and stripping of lithium from 
LiAsF6/[C4mPyr+][TFSI-] electrolytes, similar to results obtained here.28 
 
 
Figure 6.20 – Electrochemical data obtained at a Pt electrode in 0.5 m LiFSI/[C3mPyr+][FSI-] 
over lithium metal. (a) plot of [Li+] vs. time, generated from CA data, (b) CVs from 0 to 22 
hours, (c) CVs from 0 to 15 hours and (d) plot of coulombic efficiency generated from CV data. † 
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6.3 Effect on cycling behaviour of the chemically formed SEI 
using RTIL based electrolytes after 18 days. 
As a precursor to the cycling of lithium metal batteries this section 
applies repeated plating and stripping of lithium to probe the effect of the SEI 
formation after 18 days on the cycle efficiency of a lithium metal secondary 
cell. Unfortunately data regarding the cycling for LiFSI/[C3mPyr+][FSI-] cells is 
not shown in this section as effective cycling was not achieved within the 
allotted time for the thesis. Symmetrical coin cells including 18 day chemical 
SEI formation are shown in Figure 6.21. Cells cycled at a current density of 
0.1 mA cm-2 will hereafter be referred to as being cycled at low current 
density (     ). 
6.3.1 Cycling of symmetrical cells at low current density. 
If lithium electrodes are allowed to react with RTIL based electrolytes 
they have different cycling behaviour to those only allowed 12 hours pre-
treatment. In the case of the LiTFSI/[C3mPyr+][FSI-] electrolyte cell the 
overpotential is initially stable for ca. 650 cycles, at which point voltage 
instability and spiking occurs. Previously noted for this system after 12 hours 
of electrode pre-treatment, similar behaviour culminated in cell failure. 
However, Figure 6.21 shows instability in this cell for a further 160 hours until 
cycling was halted due to voltage spiking. 
All other cells cycled effectively throughout the 2000 charge-discharge 
cycling regime with each cell initially cycling with overpotentials of 20 to 
30 mV. Figure 6.22 shows the stability of the LiTFSI/[C3mPyr+][FSI-] cell prior 
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to cell failure as well as the areas in other cells where voltage changes occur. 
In the case of the LiBF4/[C3mPyr+][FSI-] cell the V-t plot shows a collapse in 
voltage after ca. 550 cycles, similar to the 12 hour cell (Figure 6.9) 
Significantly, this collapse is not permanent however, and after a 500 hour 
period of relative stability a subsequent increase in cell overpotential occurs to 
values near the initial voltage. 
Both the LiPF6/[C3mPyr+][FSI-] and LiAsF6/[C3mPyr+][FSI-] cells begun 
cycling at overpotential of ca. 30 mV and subsequently dropped to lower 
overpotentials of 10 and 5 mV respectively. The V-t plot shows the 
LiPF6/[C3mPyr+][FSI-] to have a gradual decrease in overpotential until cycling 
becomes unstable ca. 550 hours which is highlighter in Figure 6.22. After 
100 hours of what may be assumed to represent morphological changes, as 
indicated does occur via chemical and electrochemical processes, the voltage 
drops in the case of the LiPF6/[C3mPyr+][FSI-] to 10 mV and remains cycling 
stable completed 2000 cycles. The V-t plot for LiAsF6/[C3mPyr+][FSI-] shows 
the voltage drop occurring within 100 cycles to overpotential of ca. 5 mV which 
cycles effectively for the remainder of the 2000 charge-discharge regime. 
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Figure 6.21 - Voltage-time plots of Li| Li symmetrical cells cycled for 2000 cycles at 0.1 mA 
cm-2 at ambient temperature using an SEI pre-treated for 18 days and RTIL electrolytes.‡ 
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Figure 6.22 – Zoomed representations of V-t plots of Li| Li symmetrical cells cycled for 2000 
cycles at 0.1 mA cm-2 at ambient temperature using an SEI pre-treated for 18 days and RTIL 
electrolytes. 
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6.3.2 Cycling of symmetrical cells at high current density. 
The V-t profiles of symmetrical coin cells cycled at a current density of 
1.0 mA cm-2, (     ) fabricated with chemically formed SEI after 18 days of 
chemical interaction are shown in Figure 6.23. The V-t plots all show a similar 
trend with large voltage instability upon applying the square-wave profile and 
cell failure for ca. 700 scans. The V-t plots shown in Figure 6.24 show a shorter 
timespan to highlight the voltage instability that is taking place. All cells fail 
to achieve more than 50 cycles, and all V-t plots include voltage spike 
behaviour up until the overpotential drops to low levels.  
Thus EIS data collected for cells fabricated using 18 day pre-treated SEI 
were not able to be recorded post cycling for those cells at      . This data is 
shown in Table 6.3 and shows a general trend that lithium electrode resistance 
is lower than 50 Ω cm2 after pre-treatment for 18 days, except in the case of 
LiPF6 and LiAsF6 based electrolytes. However, upon measurement post 
cycling, of the cells which achieved 2000 charge-discharge cycles all lithium 
electrodes measured resistances of less than 25 Ω cm2, which include the LiPF6 
and LiAsF6 cells which were initially extremely high. Thus cycling of a lithium 
electrode pre-treated with chemical SEI formation with [C3mPyr+][FSI-] based 
electrolytes can achieve a long lifetime of cycling at the low current density of 
0.1 mA cm-2 but are unable to achieve greater than 50 cycles at the higher 
current density of 1.0 mA cm-2. 
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Figure 6.23 - Voltage-time plots of Li| Li symmetrical cells cycled for 2000 cycles at 1.0 mA 
cm-2 at ambient temperature using an SEI pre-treated for 18 days and RTIL electrolytes. 
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Figure 6.24 - Zoomed representations of V-t plots of Li| Li symmetrical cells cycled for 2000 
cycles at 1.0 mA cm-2 at ambient temperature using an SEI pre-treated for 18 days and RTIL 
electrolytes. 
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Table 6.3 - Electrode impedance as a function of cycle number for electrodes pre-treated with 
chemical SEI formation for a period of 18 days. 
Current density 
(mA cm-2) 
Cycle Number 
(applied) 
Lithium electrode 
resistance (Ω cm2) 
LiFSI/[C3mPy+][FSI-] 
0.1 0   2000 43   * 
1.0 0   2000 35   * 
LiTFSI/[C3mPy+][FSI-] 
0.1 0   2000 28   18 
1.0 0   2000 17   * 
LiBF4/[C3mPy+][FSI-] 
0.1 0   2000 45   22 
1.0 0   2000 18   * 
LiPF6/[C3mPy+][FSI-] 
0.1 0   2000 147   10 
1.0 0   2000 60   * 
LiAsF6/[C3mPy+][FSI-] 
0.1 0   2000 108   19 
1.0 0   2000 109   * 
* data immeasurable 
6.3.3 Effect on cycling behaviour of the chemically formed SEI 
using RTIL based electrolytes after 12 days.  
Due to a computer failure the 12 day SEI cycling data was unable to be 
retrieved, as the length of the experiment was greater than 2 months this was 
deemed too long in the timeframe of the thesis to repeat. Prior to cycling these 
symmetrical cells, the SEI was allowed to form via the chemical reaction of the 
lithium metal electrodes with each electrolyte system for 12 days. This 
experiment was designed to carry out cycling at 0.1 mA cm-2 and 1.0 mA cm-2 
for 12 day samples which has been successfully carried out for the 
LiBF4/[C3mPyr+][FSI-] electrolyte in a previous study.13 
However, the EIS data collected prior and post cycling was retrieved 
and is displayed in Table 6.4  The SEI formed chemically after 12 days is a 
highly porous, rough morphology and has full surface coverage unlike the 
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smooth 18 day surface cycled in Section 6.3. The lithium electrode resistance 
values are listed in Table 6.4 for cells cycled at both and       and      . From 
the cells cycled at       the lithium electrode resistance is lowered substantially 
which has become the general trend. This phenomenon is extremely obvious in 
the case of cell cycled at      with resultant lithium electrode resistances of 
less than 3 Ω cm2. From this data it can be assumed that each cell achieved 
2000 charge-discharge cycles without short circuiting, or cell failure. Thus a 
lithium electrode can be tailored to have low resistance via chemical pre-
treatment in [C3mPyr+][FSI-] based electrolyte with further electrochemical 
pretreatment via galvanostatic charge-discharge cycling at a current density of 
1.0 mA cm-2. 
 
Table 6.4 - Electrode impedance as a function of cycle number for electrodes pre-treated with 
chemical SEI formation for a period of 12 days. 
Current density 
(mA cm-2) 
Cycle Number 
(applied) 
Lithium electrode 
resistance (Ω cm2) 
LiFSI/[C3mPy+][FSI-] 
0.1 0   2000 157   18 
1.0 0   2000 14   1 
LiTFSI/[C3mPy+][FSI-] 
0.1 0   2000 95   18 
1.0 0   2000 16   1 
LiBF4/[C3mPy+][FSI-] 
0.1 0   2000 51   10 
1.0 0   2000 22   3 
LiPF6/[C3mPy+][FSI-] 
0.1 0   2000 41   33 
1.0 0   2000 67   1 
LiAsF6/[C3mPy+][FSI-] 
0.1 0   2000 231   19 
1.0 0   2000 46   1 
* data immeasurable 
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6.4 Effect of 18 days rest between cycling of symmetrical cells 
comprising pristine lithium metal. 
The previous section has dealt with understanding the effect a pre-
treated SEI has upon subsequent cycling; this section however discusses the 
variation in cycling efficiency in symmetrical cells fabricated using pristine 
lithium metal which is rested midway between a 300 cycle regime. This type of 
cell behaviour is typical of commercial cells for electronics which are not used 
daily, such as torches or power tools. All cycling is carried out following the 
same protocol, at 0.1 mA cm-2 for comparison.  
Figure 6.25 shows the cycling data for symmetrical cells fabricated 
using pristine lithium metal electrodes, where cycling was commenced 
immediately upon cell construction. These symmetrical cells are considered to 
have negligible chemical SEI formation during cell preparation. The voltage 
shows typical behaviour, expected of the square wave regime with the addition 
of small voltage spikes on the tail end of charge-discharge bias pertaining to 
surface morphology reorganisation during initial SEI formation, observed in 
previous work.13,20,21 Initially, overpotentials for these cells range between 7 
mV and 15 mV which increases before stabilising in the range of 9 mV to 22 
mV. The effect of an 18 day rest period, specifically related to the time taken 
for complete SEI formation via a chemical route (Chapter V), is investigated to 
observe what changes occur during shelf life-time. In previous work using the 
LiFSI and LiTFSI salts in [C3mPyr+][FSI-], symmetrical cell cycling on pristine 
lithium metal electrodes showed a potential collapse after ca. 150 cycles due to 
the reorganisation of the surface morphology.20 In this study after 150 cycles 
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are achieved the square wave regime ceases for a period of 18 days. Upon 
further 150 cycles of these symmetrical cells, there is no collapse in voltage 
(Figure 6.26). In fact very little difference is observed between cycles after, or 
prior to the 18 day rest period, with a further 150 cycles undertaken there is 
yet no collapse in voltage with potential values remaining similar. Whilst at 
rest, the lithium metal is allowed time without potential bias to undergo a 
chemical reaction with the electrolyte, counteracting the morphological 
reorganisation which occurs with electrochemical reactions during cycling.13 
Impedance measurements were recorded by EIS and using this data the 
electrode resistance was calculated before cycling, during the rest period and 
after further cycling and is shown in Figure 6.27. Two trends in the data are 
observed. The cells fabricated using LiFSI, LiTFSI and LiPF6 salts have 
recorded electrode resistances of 16, 10 and 30 Ω cm2 respectively, which 
increase after cycling by ca. 10 Ω cm2. These resistance values increases 
during the 18 day rest period and upon further 150 charge-discharge cycles a 
collapse from the high resting resistance occurs. Throughout the 18 days of 
rest the electrochemical reaction are not taking place, as previously noted in 
earlier work, in fact the chemical SEI formation is shown to increase electrode 
resistance, in keeping with the EIS experiments applied to a symmetrical cell 
rested at open circuit potential in Section 6.2.2.14 The other salts, LiBF4 and 
LiAsF6 behave differently according to resistance values recorded in Figure 
6.27 whereby the electrode resistance decreases after the initial cell cycling 
regime. Though during the rest period similar gains in resistance occur with 
subsequent drops after the further 150 cycles. 
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Figure 6.25 – V-t profiles of pristine lithium electrode symmetrical cells fabricated using 
electrolyte comprising 0.5 m LiFSI, LiTFSI, LiBF4, LiPF6, LiAsF6, in [C3mPyr+][FSI-] cycled 
150 times, then allowed to rest for 18 days before cycling an additional 150 cycles.‡ 
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Figure 6.26 – Zoomed in V-t profiles highlighting the negligible change in overpotential  of 
pristine lithium electrode symmetrical cells fabricated using electrolyte comprising 0.5 m 
LiFSI, LiTFSI, LiBF4, LiPF6, LiAsF6, in [C3mPyr+][FSI-] cycled 150 times, then allowed to rest 
for 18 days before cycling an additional 150 cycles.‡ 
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Figure 6.27 – Plot of pristine lithium electrode resistance as a function of time for a cells 
fabricated using electrolyte comprising 0.5 m LiFSI -●-, LiTFSI -■-, LiBF4 -▲-, LiPF6 -▼-, 
LiAsF6 -♦-, in [C3mPyr+][FSI-] cycled 150 times, then allowed to rest for 18 days before cycling 
a further 150 cycles.‡ 
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6.5 Conclusions. 
When a period of contact is allowed between a lithium electrode and 
[C3mPyr+][FSI-] prior to any passage of current, the subsequent cycling 
performance of that cell may be improved or compromised, in some cases 
substantially. If those cells are fabricated using pre-treated SEI for a period of 
12 hours then long term cycling to at least 5000 charge-discharge cycles at 0.1 
mA cm-2, without dendritic formation or short circuits can be achieved.  
Concluded in Chapter IV, the order of stability which was obtained for 
the Li|Li|SEI system is LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6 and it has 
been shown in Chapter VI that cycling of a lithium electrode with minimal SEI 
formation due to pre-treatment follows an order of 
LiBF4 > LiFSI > LiAsF6 > LiPF6 > LiTFSI which has been based upon V-t plot 
observations of voltage stability, overpotential, cycle lifetime, as well as 
lithium electrode resistance values gather via EIS. These orders show that 
screening of potential of RTIL electrolytes for use in lithium metal batteries 
can be carried out on the bench top using a three-electrode setup prior to cell 
fabrication with confidence. 
Post mortem analysis of the cells via EIS and SEM provide insight into 
the morphological changes, and subsequent lithium electrode resistance 
changes which occur during cycling. The general trend observed suggests that 
via cycling SEI formation is accelerated and with the coverage of the lithium 
surface with SEI products comes the concomitant decrease in resistance. 
Evidence of these SEI products was also observed on the separator materials 
used in each cell which interestingly is abundant in LiTFSI/[C3mPyr+][FSI-] 
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and LiPF6[C3mPyr+][FSI-] cells which failed to reach 5000 cycles. No evidence 
of dendritic growth was observed which supports the notion that RTILs may be 
used to suppress, and in the case of [C3mPyr+][FSI-], negate dendrite formation 
which is so volatile to lithium battery technology advancements. 
The time of chemical interaction is important, with clear differences 
noted between the cells cycled using 12 hour, 12 day, and 18 day chemically 
formed SEI, especially at      . In particular the performance of cells fabricated 
using 18 day chemically formed SEI was not good with cells failing to reach 50 
cycles and voltage instability, evidence that allowing the SEI to form 
chemically for a longer duration may be detrimental to future cycling. However 
the cycling of the cells, with a rest period of 12 days, affected positive results in 
the decline of lithium electrode resistance measurements to values less than 3 
Ω cm2.  
In the case of cells rested for 18 days between cycles overpotentials were 
observed to affect a halt in expected voltage drops to lower overpotentials. In 
fact the rest time is observed via EIS to increase lithium electrode resistance. 
Thus any fall in lithium electrode resistance during cycling is counteracted by 
the chemical reaction at open circuit potential. The lithium electrode 
resistance can then once again be lowered simply by cycling the cell for a 
second time. During resting the Li concentration was measured to increase 
whilst soluble Li+ was liberated from the chemically forming SEI upon lithium 
metal in LiFSI/[C3mPyr+][FSI-] electrolyte. 
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7.1 Conclusions. 
The studies presented in this thesis have shed light on the solid-
electrolyte interphase composition and morphology, and inherent properties 
critical to efficient and reproducible charge-discharge cycling of lithium metal 
electrodes in secondary cells. In order to ascertain whether room temperature 
ionic liquids would be applicable for battery applications glassy carbon 
electrodes were effectively cycled in two RTIL electrolyte systems, 
AgOTf/[C4mPyr][TFSI] and AgBF4/[BMIm][BF4] which have been compared to 
the aqueous system AgNO3/KNO3. 
In Chapter IV it is shown that silver metal 
electrodeposition/electrodissolution is highly affected by surface oxide 
formation in the aqueous system due to the more basic environment (pH = 5.4) 
which was indicated by the appearance of a primary dissolution peak in the 
CV which was supported by the same observation in a basic solution (pH = 13). 
The electrodeposition of silver was reversible in the 
AgOTf/[C4mPyr][TFSI]system when water content was controlled in a dry 
atmosphere. Glassy carbon electrodes were cycled in both [BMIm][BF4] and 
[C4mPyr][TFSI]RTIL electrolytes in ambient conditions. It has been shown 
that both RTILs can be effectively used as media for the electrodeposition of 
Ag metal with increased reversibility than the aqueous system. 
It is suggested that when the AgOTf/[C4mPyr][TFSI] system is allowed 
to absorb moisture the silver disproportionates to form the M2+ ion and 
eventually M0 nanoparticles as the [C4mPyr][TFSI] acts as a chelating ligand. 
Stark shifts in peaks representing  and  is a clear indication of silver redpE
ox
pE
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nanoparticle precipitating out of solution. This is supported by TEM, EDS and 
UV-Vis characterisation techniques. The presence of Ag nanoparticles 
impacted in no way on the stability of the Ag|Ag+|[C4mPyr][TFSI] reference 
electrode essential for three-electrode electrochemistry of lithium metal cycling 
in RTILs. 
Using the AgBF4/[BMIm][BF4] electrolyte there was a high amount of 
water impurity that did not affect silver disproportionation which cycled with 
higher efficiency unlike the ‘wet’ AgOTf/[C4mPyr][TFSI].The ‘dry’ electrolyte 
did not undergo any disproportionation when moisture uptake was controlled. 
Both these systems had near full chemical reversibility and the 
electrodeposition followed an instantaneous nucleation and growth type 
mechanism. CA transients of the ‘wet’ system tended towards a progressive 
nucleation and growth type mechanism which was also observed in the 
aqueous AgNO3/KNO3electrolyte. 
Thus the water content in an RTIL electrolyte can markedly affect the 
electrodeposition mechanism and chemistry of the system. Both the RTIL 
based electrolytes provided a medium for electrodeposition of non-dendritic 
growths at the GC electrode. This is an important finding for lithium metal 
battery technology which has been hampered by unsafe dendritic nucleation 
and growth during charge-discharge cycling of a cell. These electrolytes may 
indeed be used in lithium metal secondary cells as the single electron process 
of Ag electrodeposition/electrodissolution reached near unity chemical 
reversibility. 
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Lithium metal electrodeposition was thus demonstrated in Chapter IV 
from the RTIL N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide, 
[C3mPyr][FSI], containing the salts LiFSI, LiTFSI, LiBF4, LiPF6 and LiAsF6 at 
a concentration of 0.5 m at both platinum and lithium metal electrodes. A 
single reduction process and  is observed whilst three discernible oxidative 
processes are evident when cycling a platinum electrode in these electrolytes. 
The oxidation processes are assigned to represent lithium stripping from the 
platinum electrode, through and SEI, or through a Pt/Li alloy, all of which are 
present at the electrode during electrodissolution of Li0 to Li+. The plating and 
stripping of lithium is determined quasi-reversible by the square root 
dependence of the scan rate towards  values. Coulombic efficiency of these 
electrolyte systems follow the order LiTFSI > LiBF4 > LiFSI > LiAsF6 > LiPF6 
with respect to the Li salt. Salts have a large effect on the electrochemistry of 
lithium electrodeposition and stripping even at low concentrations in 
[C3mPyr+][FSI-]. 
The LiPF6/[C3mPyr][FSI] electrolyte provided poor coulombic efficiency 
yet consistently provided the most facile lithium electrodeposition with a less 
negative onset potential. At lower scan rates the  switched to a less 
negative peak which suggests the SEI products are forming chemically at a 
fast rate during lithium cycling. The LiTFSI/[C3mPyr+][FSI-]  electrolyte also 
showed pronounced second oxidation peak process as above. All other salts 
behaved normally. 
When cycling platinum electrodes repeatedly in these electrolyte 
solutions there was a variety of responses. The LiPF6/[C3mPyr+][FSI-] system 
red
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provided a CV with two distinct reduction processes after a few scans until 
 tends negative enough to mask the second process from view. With LiBF4 
or LiTFSI salts mixed into their respective electrolyte solutions, the CVs 
recorded provided very noisy current responses after ca. 50 cycles had been 
performed. Interestingly the LiFSI/[C3mPyr+][FSI-] electrolyte provided a CV 
with four peaks at the slowest scan rate of 2 mV s-1. These peaks are proposed 
to represent lithium deposition through a complex SEI structure, allowed time 
to form, as well as to platinum and lithium metal surfaces. A scan rate study 
showed that the LiFSI/[C3mPyr][FSI] system  values adhere to a 
dependence to the square root of the scan rate with a near zero intercept in the 
current axis. In the case of the LiAsF6/[C3mPyr][FSI] system no definable 
maximum throughout the cycles is observed in the reduction region after 
becoming unstable at ca. 20 scans. 
A lithium electrode has been shown to cycle efficiently in the systems 
covered in this thesis in a quasi-reversible manner. Addition of the LiPF6 
provides the most facile lithium plating and stripping process whilst the LiBF4 
mixed electrolyte demonstrated the most coulombic efficiency of all systems. A 
crossover current in LiTFSI and LiPF6 CVs suggested that a nucleation and 
growth type mechanism was occurring during electrodeposition. When cycling 
at a polished lithium metal electrode repeatedly no appreciable noise was 
detected. Once again similarities were recorded for both the 
LiPF6/[C3mPyr+][FSI-] and LiTFSI/[C3mPyr+][FSI-] electrolytes with less 
negative  values compared to the other salts. A postulated mechanism of 
facile lithium deposition through a fast growing SEI may explain the less 
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negative processes. As an SEI will be formed at the lithium metal electrode 
due to the thermodynamic unstable nature a second process representing facile 
lithium deposition through the SEI is observed manifesting as a peak or 
shoulder at longer time spans in all systems. CVs recorded in 
LiBF4/[C3mPyr+][FSI-] electrolyte revealed no .  
Unfortunately CA data was not very useful as a    value was difficult to 
obtain, only possible in this thesis in two of the five electrolyte systems, when 
using LiBF4 or LiTFSI salts. When eligible for theoretical analysis via Hills-
Scharifker theory the limited data set supported the hypothesis that RTIL 
based electrolytes are favourable for lithium metal batteries as dendrite 
suppressants. For each data point recorded there is a clear fit of data for 
instantaneous nucleation and growth mechanism taking place. The data also 
provided diffusion coefficients which are In line with current literature as well 
as revealing number of nuclei, which was in close agreement when calculated 
using two separate theories. 
In Chapter V a study to determine the mechanism of chemical formation 
via chemical pathways was conducted and revealed that the mechanism of 
formation was by a contribution of (i) the [C3mPy+][FSI-] reaction of the cation 
and anion, (ii) salt anion reaction and (iii) salt anion breakdown, at the lithium 
surface. Major surface species included LiF, Li2CO3, LiOH, anion moieties and 
entrapped electrolyte species; whilst RTIL cation reduction followed Hofmann 
elimination pathways to provide a variety of breakdown products dependent 
upon electrolyte composition. 
red
PE
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SEI formation was highly dependent upon salt addition and thus 6 
different passivating films were formed when using the five electrolytes and 
neat [C3mPy+][FSI-]. In the case of the neat RTIL interaction with lithium 
metal a dynamic morphology change was observed over an 18 day period 
where the lithium metal was first smoothened (4 hours), roughened (12 days) 
and once again smoothened (18 days). This dynamic behaviour was observed 
for each of the electrolytes as well. Composition of the SEI via GADDS, FTIR 
and FTIR revealed LiF, LiOH and RTIL breakdown products including 
methylpyrrolidine. 
The main differences in SEI formation due to the LIFSI salt inclusion 
into the electrolyte was a large peeling and fracturing of the surface taking 
place after 7 days reaction time. After 18 days ribbons were present on the 
surface as well as honeycomb structures which sparsely populated the entirety 
of the rough lithium surface with large LiF, propylpyrrolidine and SO2F 
abundance. LiTFSI salt inclusion provided a very rough surface with large 
pitting observed after 7 days of interaction. Electrolyte adhering to the surface 
becomes trapped by 18 days with coral structures present on the surface as 
well as a LiF, butylpropylmethylamine and LiOH composition. Neither of 
these electrolytes produced a large surface component of Li2CO3 after 18 day 
interaction although there is an abundance of this species during formation. 
The LiBF4 and LiPF6 are highly sensitive to moisture, even at low ppm, 
and undergo hydrolysis forming HF which acts to strongly restructure the 
lithium metal surface producing LiF. LiPF6 undergoes hydrolysis more readily 
than LiBF4 and a larger fluorine component is detected as expected. The SEI 
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formed in LiBF4/[C3mPyr+][FSI-] electrolyte contains a highly fractured surface 
after 4 hours of interaction rich in grain boundaries which harbour nucleation 
after 7 days. After 12 days the surface is adhered to by residual electrolyte and 
is smoothened, there is a Li2CO3 component with a minor LiF abundance. The 
LiPF6/[C3mPyr+][FSI-] also facilitated fracturing of the surface and subsequent 
smoothing. There were also arrangements of equidistant spaced lines of sites 
of nucleation taking place. Like the SEI affected by LiFSI salt discussed 
previously there is a great amount of surface peeling/stripping from the 
surface at the 7 day mark. After 12 days, sharp rods were observed across the 
surface, though not in any arrangements and by 18 days a rough porous 
morphology was remaining with electrolyte within. The SEI is composed of 
LiF, salt anions, and LiOH while the cation reduction produced a 
methylpyrrolidine tertiary amine.  
The LiAsF6 salt affected changes in the SEI unlike other salts with near 
complete coverage of the lithium surface after 7 days by a coral structure. 
Smoothing then took place at 12 days with coating of the surface with 
electrolyte. After 18 days the SEI is composed of residual electrolyte and 
saturated anion moieties included in the coral structure across the majority of 
the lithium metal surface. This layer has an abundance of LiF with a lower 
amount of Li2CO3 and FTIR suggests propylpyrrolidine is formed via cation 
breakdown. 
In Chapter VI the SEI formed via chemical reaction of lithium metal 
with the electrolyte used in this thesis were studied for their cyclability in 
Li|SEI|electrolyte|SEI|Li symmetrical cells. Symmetrical cells composed of 
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chemical SEI formed after 12 hours, 12 and 18 days were cycled at a current 
density of 0.1 mA cm-2, whilst those formed after 12 and 18 days of interaction 
were also cycled at the higher 1.0 mA cm-2. 
Cells containing chemically pre-treated 12 hour SEI were effectively 
cycled without evidence of dendrite formation. However, the cells using LiTFSI 
and LiPF6 salts did not achieve 5000 cycles, failing to reach this target with 
voltage instability and spiking observed prior to cell failure. Cycling lithium 
metal with pre-treated SEI affected resistance decreases in each of the cells 
except that using LiBF4/[C3mPy+][FSI-] electrolyte which provided a difficult 
EIS response. Cycling of the symmetrical cells accelerated SEI formation and 
SEM micrographs of cells post cycling showed a lithium surface with large 
amounts of SEI products at the surface as well as at the separator which was 
most abundant in cells which failed. The order of stability for these cells was 
LiBF4 > LiFSI > LiAsF6 > LiPF6 > LiTFSI which held very close agreement 
with Li|Li|SEI stability order discussed in Chapter IV of 
LiBF4 > LiFSI > LiAsF6 > LiTFSI > LiPF6 thus suggesting that the methods 
utilised in Chapter IV can be used to screen RTIL battery electrolytes for 
appropriateness prior to cell fabrication, testing and characterisation. 
Cells fabricated using an SEI formed after 12 days (rough morphology) 
and 18 days (smoothened morphology) performed differently over the 2000 
charge-discharge cycle regime. Cells using 18 day SEI electrodes were 
ineffective during cycling at       with increased voltage instability within 50 
cycles culminating in cell failure. Those cycled at      were only successful for 
cells using the tetragonal or hexagonal salts in electrolyte composition with 
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drops in overpotential during cycling. Similarly lithium electrode resistance 
also dropped during cycling. V-t plots for cells using 12 day pre-treated SEI 
was unfortunately unavailable, though EIS data collected suggests that cycling 
of these cells at       can in fact affect positive results on the lithium metal 
electrode in [C3mPy+][FSI-] electrolytes with resistance values as low as 1 Ω 
cm2 which is practical for lithium metal battery application. A similar decline 
in resistance values was observed for cells cycled at      however not to the 
same extent. 
Chemically treating a lithium electrode during cycling was found to 
increase the electrode resistance at open circuit potential whilst charge-
discharge cycling was observed to generally affect a decrease in all systems 
studied. This ability to switch lithium electrode resistance higher or lower is a 
useful tool in tailoring the SEI for efficient full cell cycling. Whilst at open 
circuit potential it was found that Li+ concentration is in fact increased as a 
function of soluble Li+ liberation during SEI formation. 
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7.2 Future work. 
Now that Li metal has been shown to cycle effectively in symmetrical 
cell conformation with RTIL based electrolytes, and pre-fabricated SEI have 
also shown promising results for efficient cyclability, the next step is to 
prepare lithium secondary cells using commercially used cathode materials to 
realise the potential of lithium’s high energy density. 
A systematic approach to identify SEI properties prior to cycling has 
been shown to work effectively by (i) characterizing the SEI formation via 
chemical interaction and (ii) using electrochemical techniques to probe the 
coulombic efficiency, cycling behavior and processes occurring during 
electrodeposition/electrodissolution of lithium metal in RTIL electrolytes, and 
should be used to trial other RTIL based electrolytes saving time in cell 
fabrication, charge-discharge cycle time, and post mortem characterisation. 
Further work to develop this screening technique to ascertain why CA 
transients did not provide a    and endeavour to model the nucleation and 
growth type mechanism for the remaining salts as an important property of an 
electrolyte is the uniform and smooth deposition of lithium during charge 
cycling. The instantaneous nucleation and growth type mechanism may in fact 
be due to the RTIL itself rather than the salt but this cannot be assumed for 
the remaining electrolyte systems and should be properly investigated to 
provide a robust screening technique. 
 Adventitious water within RTIL electrolyte solutions containing silver 
and lithium salts was shown to affect large changes through 
disproportionation leading to nanoparticle formation, and LiF production via 
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LiPF6 hydrolysis to HF. Questions remain to be answered on just how trace 
concentrations of H2O can be used to modify these and other experiments. In 
fact during this thesis the LiPF6/[C3mPyr+][FSI-] electrolytes behaviour was 
compounded by the role of water in pnicogen hydrolysis even when attempts 
were made to ensure moisture levels in the glovebox were kept minimal. If the 
equipment were available a study into the true effects of this electrolyte 
system’s interaction with lithium metal would be interesting to conduct. 
 It would also be appropriate to probe the SEI, its formation, composition 
and many other inherent properties via several other techniques which due to 
time constraints, or availability, were unable to be utilised. These would 
include the use of scanning electrochemical microscopy (SECM), 
electrochemical quartz crystal balance (eQCM), atomic force microscopy 
(AFM), nuclear magnetic resonance (NMR), neutron scattering techniques and 
beam line techniques available through the use of synchrotron radiation. 
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